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1972 - Report of the Astronomy Survey Committee of 

23 members (+ 100 in the advisory committee), 

set by the US National Academy of Sciences

Astronomy and Astrophysics for the 1970’s

Jesse Greenstein: chairman of the committee



The basic questions in 1970’s

Jesse Greenstein: The future of Astronomy



The universe contains some 100 billion galaxies, each with 

billions of stars, giant gas & dust clouds, and perhaps scads 

of planets and moons and other little bits of cosmic flotsam. 

The classical baryonic paradigm

Galaxy cluster 

Abell 1689 

in Virgo; 

HST images



About 95% of cosmic matter/energy 

seems to be in some unknown "dark" form

New paradigm on stage: the “dark” cosmos



We shell concentrate on the Dark Matter

It is not dark matter, sir – you just forgot 

to remove the cap from the objective



About 21% of cosmic matter ( = 1) seems to be in some 

unknown & exotic dark form

• (We believe) it is the gravitational glue holding together 

galaxies & clusters, and that

• it played a key role in the history & fate of the universe.

The most popular DM candidates

in terms of detection efforts, are:

MACHOs, WIMPs, axions, sterile neutrinos …

Just the matter which is dark (DM)



No reason why it shouldn’t exist

Texas landascape at night

Letter of Friederich Bessel (1944) on Procyon and Sirius: “But light 

is no real property of mass. The existence of numberless visible stars 

can prove nothing against the evidence of numberless invisible ones”



Undetectable but for the gravitational effects induced 

on the visible matter.

That means that it must neither emit nor absorb any 

appreciable electromagnetic radiation in any known 

waveband. 

Thus it is called Dark Matter.

The tricky property: Dark Matter is dark



The last-minute numbers



What do you blame 

when an observation/experiment

does not match the theoretical expectation?

1. Missing ingredients ?

2. Fault in the physical modelling ?

A lesson learned

Birth of an idea



Discovery date:

13 March 1781

The discovery of Uranus



Solution of a N-body problem within Newtonian mechanics:

1) law of inertia

2) law of force

with N = number of actors 

(Sun + known planets).

The computed speed of Uranus

did not match observations

Calculation of Uranus’ orbital parameters



Way out: an unknown body perturbing Uranus

Urbain Le Verrier 

J.C. Adams



Discovery of Neptune by J. Galle & 

H. d'Arrest at the Berlin Observatory

Neptune: the “dark” ingredient is identified



Precession of Mercury perihelion 

As seen from Earth, the orbit of Mercury 

precedes by (5000″ + 600″)/century.

Newton's equations, accounting for

- all the other planets,

- the slight rotational flattening of the Sun, and 

- the proper inertial reference frame, 

predicts a precession of 557″/century. 

There was a discrepancy of 43″/century (7.1%)

But this is not the rule: a counter-example



The 1859 “transit of Vulcan” may 

have looked similar to this transit of 

Venus in a photograph from 1882
To account for the precession 

of Mercury, Urbain Le Verrier

postulated the existence of a 

planet between Mercury and 

the Sun:  
VULCAN 

The fake planet Vulcan

Another new ‘’dark’’ ingredient ???

No, a fault in the theory!!!



Planck: CMBR temperature map 

The cosmological needs



Baryon acoustic oscillations

• Photons

• Baryons

• Dark Matter



Jan H.Oort

(1900-1992)

1932: Solar neighborhood density



The matter density is measured by sampling a uniform 

population of stars extending above the disk of the galaxy. 

Average velocities of the stars and vertical distances they 

cover above the disk give a measure of the 

gravitational restoring force keeping these stars in the disk. 

The strategic idea
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The flat disk model



“Oort limit”: lack of visible matter

The density of unseen material in the Milky Way disk 

is  50% of that of the visible mass (Oort limit).

This additional component of matter, while dark, needs to be nothing 

very exotic.

It might consist of very dim stars, such as white and even black 

dwarfs.

N.B. This result has been eventually questioned as the model 

ignores the pull by the bulge component of the galaxy.



Pioneers of dynamical investigations

Lord Kelvin (William Thomson) was among the first to attempt a 

dynamical estimate of the amount of dark matter in the Milky Way 

by linking the size of a system to its velocity dispersion: 

“It is nevertheless probable that there may be as many as 109 stars 

[within a sphere of radius 3.09·1016 kilometres] but many of them 

may be extinct and dark, and nine-tenths of them though not all 

dark may be not bright enough to be seen by us at their actual 

distances. [...] Many of our stars, perhaps a great majority of them, 

may be dark bodies.”



Unthinkable that missing matter in the Solar area 

would be non-baryonic. 

1926: discovery of the nature of the white nebulae 

by Edwin Hubble

1929: discovery of the expansion of the universe 

by Edwin Hubble

1932: discovery of the first neutral baryon, the neutron, 

by James Chadwick

Baryons? Some critical milestones



1937: The “missing mass” in the Coma cluster

Fritz Zwicky

(1898-1974)

Helvetica Physica Acta, Vol. 6, p. 110-127, 1933



The Coma cluster of galaxies

Composite picure from SDSS + Spitzer

http://www.astronet.ru/db/xware/msg/1222246
http://www.astronet.ru/db/xware/msg/1222246


The total virial mass

borrowed from thermodynamics; 

already done by Lonr Kelvin



Plenty of missing mass

Modern value (Lucas & Mamon 2003) is M/LB = 351 h70

in the “globular cluster of nebulae”



Zwicky’s intuitions were not taken seriously by the 

scientific community.

First of all there were no DM candidates because:

1. gas radiating X-rays and dust radiating in the IR could 

not yet be observed, and 

2. non-baryonic matter was unthinkable. 

Ignored …; too early



Zwicky used to call his colleagues 

“spherical bastards” as they were bastards

from any direction you would look at them, and

in his Introduction to a self-published 

Catalogue of compact galaxies in 1971 

he described them as 

“scatterbrains, sycophants, and plain thieves … [who] 

doctor their observational data to hide their 

shortcomings … [and publish] useless trash in the 

bulging astronomical journals”.

Zwicky’s caustic reputation



Zwicky’s popularity gradient

Year No. citations

1955-59 2

1960-64 6

1965-69 5

1970-74 2

1975-89 63

1990-99 71



Since then observations have revised 

our understanding of the composition of clusters. 

• Luminous stars count for a very small fraction of a 

cluster mass.

• There is also a baryonic, hot intracluster medium (ICM) 

visible in the X-ray spectrum. 

• Rich clusters typically have more mass in hot gas than in 

stars; in the largest virial systems (e.g. Coma) composition 

is: 85% DM, 14% ICM, and only 1% stars.

Lesson learned



Coma cluster in X-rays



Fritz Zwicky vindicated

Zwicky’s value



Zwicky’s concern

http://upload.wikimedia.org/wikipedia/commons/5/50/Sir_Isaac_Newton_by_Sir_Godfrey_Kneller,_Bt.jpg
http://upload.wikimedia.org/wikipedia/commons/5/50/Sir_Isaac_Newton_by_Sir_Godfrey_Kneller,_Bt.jpg


Mordehai
Milgrom

Robert 
Sanders

Alexei
Starobinsky

He had covered his back ….

MOND                      f (R)

Zwicky’s precaution has eventually evolved into 

new theories of gravity
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J.Kepler
Phenomenological approach



Weak vs. strong field regimes

Observed characteristic scale for galaxies



f(R): curvature mimicking gravity

 

Modified gravity theory geleralizing Einstein's General Relativity.

( ) gravity is a family of theories defined by a different function 

of the Ricci scalar .

( ) 2 is just General Relativity (and 

f R

R

f R R   

4 4

4

CDM).

Generalized Lagrangian of the Einstein-Hilbert action:
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       ( )  
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Zwicky’s intuitions

• Morphological segregation

• Intracluster light

• Extragalactic surveys



Zwicky’s proposal for gravitational lensing



Einstein postulated the equivalence principle with Special Relativity 

to predict that light rays are

Bent by a gravitational field.

Gravitational lensing

An idea implicit in Query 1 of Newton’s Opticks: 

“Do not Bodies act upon Light at a distance, and 

by their action bend its Rays? And is not this action 

(ceteris paribus) strongest at the least distance?”



There are three different regimes for gravitational lensing: 

1. strong lensing,

2. weak lensing,

3. microlensing.

The distinction between these regimes depends on:

1. the positions of the source, lens, and observer, and 

2. the mass and shape of the lens, which controls how much light is 

deflected and where. 

Gravitational lensing regimes



SDSSCGB 8842.3, SDSSCGB 8842.4

Ursa Major

1. Strong lensing

Useful to visualize & 

gauge «local» DM



2. Weak lensing

Useful to visualize & 

gauge «cosmic» DM



2. Weak lensing analogy



2. Weak lensing



1937: Holmberg’s multiple galaxies

Hubble

Holmberg

Zwicky

Sampling scale

G
al

ax
y

 m
as

s

Arp 271

Holmberg’s masses of 

galaxies were just 

in between 

Hubble’s and Zwicky’s.

Erik Holmberg was a student 

of Lundmark at the Lund Observatory. 

In his dissertation (1937, Annals of the Observatory 

of Lund), he showed that galaxies often appear 

in groups and pairs, and he realized how it would be 

possible, using statistics, to determine the masses 

through the radial velocities of the two components. 



Modern compilation



The rotation of spiral galaxies

Early pioneers (still unclear nature of the nebulae):

• V. Slipher (1914) detected inclined absorption lines 

in nuclear spectra of M31 and Sombrero Nebula, and 

• M. Wolf (1914) in M81. 

• This led G. Pease (1918) to use the Mt. Wilson 60-inch to 

“investigate the rotation of the great nebula in Andromeda” 

with exposures of about 80 hours.



Circular velocity VC (normalized to Rd) for an exponential disk 

(solid line), compared to that of an exponential sphere (dashed line) 

and of a point mass (dotted line), all with the same mass

The turning point of 

an exponential disk 

occurs at R/Rd  1.8

Keplerian velocity V2 1/R

Expected rotation whether M/L = const.



Westerbork Radio Telescope

The coming into play of the 21 cm HI line

H. van der Hulst & J. Oort



Flat!!

The flat rotation curves from HI

NGC 3198

Flat!!

from the virial theorem: M(r)  r

too steep for the light to cope with it

NGC 2403



1974: the turning point

The majority of astronomers did not become convinced of the need of 

any Dark Matter in galaxies until:

• Ostriker & Peebles (1973) speculated on stability of disks;

• Ostriker, Peeeble & Yahil (1974) showed that “the mass of spiral 

galaxies increases almost linearly with radius to nearly 1 Mpc”;

• Einasto et al. (1974) provided the dynamical evidence (from hot gas 

haloes just discovered ) that galaxies ought to be surrounded by 

“massive coronae”;

• Ozernoy (1974-1975) argued that the missing mass has to be 

dispersed in space, and not constrained within individual galaxies.



NGC 1300 NGC 1300

1973: at least 30% of all spirals are barred 

Ostriker & Peebles asked themselves: “why not all?”



A dark halo to stabilize galaxies

The solution exists 

but is not unique (BT pag. 603).

Also, there are many more barred spirals 

than thought then.

http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1973ApJ...186..467O&db_key=AST&page_ind=0&data_type=GIF&type=SCREEN_VIEW&classic=YES
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1973ApJ...186..467O&db_key=AST&page_ind=0&data_type=GIF&type=SCREEN_VIEW&classic=YES
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1973ApJ...186..467O&db_key=AST&page_ind=0&data_type=GIF&type=SCREEN_VIEW&classic=YES
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?bibcode=1973ApJ...186..467O&db_key=AST&page_ind=0&data_type=GIF&type=SCREEN_VIEW&classic=YES


Massive haloes



Intergalactic Dark Matter

Abstract
It is found that the ratio of the virial mass to the observed mass for galaxy systems 

ranging from pairs up to clusters on the average increases monotonically 

with the system dimensions. 

It is possible to exclude galaxies as the principal source of 'hidden' mass which is 

needed for the stationarity of galaxy systems. 

It is reasoned that if the hidden mass does exist it should be localized in the 

intergalactic space. 

L. M. Ozernoi, Where is the 'hidden' mass localized
Akademiia Nauk SSSR, Fizicheskii Institut, Moscow, USSR

Astronomicheskii Zhurnal, 51, 1108, 1974.

in Russian



Sudden paradigm change

1. Primordial nucleosynthesis, supported by observations, 

states that the baryonic density is of the order of 0.04c, 

where the critical density is: c=3H2/8G

2. Primordial baryonic fluctuations seen in the CMBR are 

largely insufficient to drive galaxy formation.



Cosmic shear is the distortion of the shapes of 

background galaxies due to the bending of light by the 

potentials associated with large-scale structure.

• For sources at zs ~ 1 and structure at 0.1 < z < 1, 

it is a percent level effect which can only be detected 

statistically.

• Theoretically clean.

• Observationally tractable.

Dark Matter mapped by gravitational lensing



VST@Paranal

VST KiDs



Dark Matter halo mass vs. stellar mass 

satellite fraction as

a function of stellar mass 

 weak lensing estimates of the mean halo mass 

of central galaxies as a function of their 

stellar mass (Mandelbaum et al. 2006). 
 mean halo masses as a function of central 

galaxy stellar mass derived from the 

stacked kinematics of satellite galaxies 

(More et al. 2009)

Stellar mass 
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“Bullet cluster” 1E 0657-56: composite image

DM evidence: the smoking gun



DM evidence: dissipation vs. indifference



How dark is the Dark Matter?

In other words, is the DM self-interacting?



Baryons mapping DM: no self-interaction



Abell 3827, as taken by Hubble

But …



Multi Unit Spectroscopic Explorer (MUSE) 



Traces of self-interaction ?



Traces of self-interaction ?



Concluding … with questions

• Does Dark Matter exist ?

• Remember Vulcan.

• How much is it ?

• Less than originally thought 

owing to DE.

• What is it ?

• So far, God knows.

• Is it self-interacting ?

• Possibly….



C.D. Friedrich

The past of cosmology



The present



The future ?

Thank you for 

your attention


