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Deux références avec toutes les références...

The Dark Matter
Problem

A Historical Pers

Frangoise Combes

Mysteres de
la formation
des galaxies

Vers une nouvelle physique ?

-




La préhistoire

Matiere noire : contenu matériel de I'univers se justifiant par des
effets gravitationnels.

= Les spheres d’Eudoxe ...?

= Neptune, puis Vulcain

Une mauvaise habitude ?

= Phlogistique (XVII¢), calorique (XVIII¢), ...

= Ether(XIX¢)




Le visionnaire...

Le décalage vers le rouge des nébuleuses galactiques
Die Rotverschiebung von extragalaktischen Nebeln
von F. Zwicky.
(18, IT. 33.)

Fritz Zwicky .
Inhaltsangabe. Diese Arbeit gibt eine Darstellung der wesentlichaten Merk-

male extragalaktischer Nebel, sowie der Methoden, welche zur Erforschung der-

selben gedient haben. Insbesondere wird die sog. Rotverschiebung extragalak-

tischer Nebel eingehend digkutiert. Verschiedene Theorien, welche zur Erklirung

"dieses wichtigen Phinomens aufgestellt worden sind, werden kurz besprochen.

Schliesslich wird angedeutet, inwiefern die Rotverschiebung fir das Studium

Fotverschiebuny verupeeln fnterprotives. Unter Voevaussetzung der durchdringenden Strahlung ven Wichtigkeit zu werden wverspricht.

der wbizen Musse M hitte man fir die selative Solersne der

Vellenlange 1 Act. Helv. Phys., 6, 110-127,1933
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mlan auf dicse Weise zo ciner Faklirung for die grossem Streu-

srschwiwliheilen wn Zogamen, milssie man noci of der vl . . .
& Trhto durkier ! 1 oder u Loi de Hubble = Distance = Taille de 'amas Coma : R = 1Mpc

redzers Thohte durnkler Blaterie zulacen ala untor 1, oder ¥,

] Dk wikre groascnorinu neenmesiyg in Ubcrenstimmang miz dir m § &
h-rl-[ll'l'.\‘ﬂ'l.l'lh'll l'l|[||u|4|l.'|= v Bussrris wl nE Srroes.

Vitesse connue pour 8 galaxies (sur 1000) : v = 1000 km/s
Théoreme du viriel : 2E+E, = 0
= M =Rv?/G

AN: M = (10 x 3.1016).(106)2 / 6,7.10°11
~ 5.10% kg = 10% M,

On dénombre 1000 galaxies contenant
chacune environ 1 milliard d’étoiles...

>

: &7 « dunkler materie », M/L=400 M, /L,

»

Amas de la chevelure de Bérénice (Corr;a) - HST -




3 ans plus tard... .3 2530195

THE MASS OF THE VIRGO CLUSTER*

Observatoire du Mont Wilson

SINCLAIR SMITH

ABSTRACT

The lists of radial velocities now include results for thirty-two members of the Virgo
Cluster, thus giving for the first time sufficient data to determine some of the physical
characteristics of a cluster of nebulae.

A comparison of the velocities of fainter members of the cluster with those of brighter
members shows that the line-of-sight velocity of a nebula has no dependence on its
magnitude; hence, equipartition apparently does not hold in the cluster. The distribu-
tion of the velocities in right ascension and declination shows that the cluster is not in
rotation and that there is no central concentration of high velocities. This result is tak-
en to mean that the cluster is neither condensing nor breaking up, but is a fairly stable
assemblage, more or less held together by its gravitational field.

From the observed distribution function for radial velocity is derived the distribu-
tion function for space velocity. For an assumed distance of 23X 1e® parsecs this fune-
tion leads to 231047 g or 10" © as a value of the mass of the cluster. On the basis of
500 nebulae in the cluster, the mass per nebula is 2XX10™ ©.

Although far larger than Hubble’s value of 10? ©® for the mass of an average nebula,
other evidence lends support to the high value obtained from the Virgo Cluster. It is-
possible that both figures are correct and that the difference represents a great mass of
internebular material within the cluster.

L XXl

move in circular orbits with a speed of 1500 km/sec. Hence we can
write either

v’r " vr
m=-—— 0! =
2G G’

the difference being of small importance. “ R el ¥ :
Taking the circular orbit form, and assuming for radius of the M/ L o 200 M 0/ (0]

cluster 2)X 105 parsecs (i.e., o.1 times its distance), we find for the ! . e 30 Rho Virginis

mass : z

2X 1047 grams or 0% Q. : LV
i _ i NGCA526 \ ;
Assuming 500 nebulae in the cluster and no internebular material, i P s [ NGE4636 5

we find for the mean mass of a single nebula 0 : : :
16 Virginis i . s 2 R “~
: M49'. b i SR ;
44 11 ¢ S e A '\
42X 10% grams or 2X10" O . i Markarigh'Chain.~- /" Vg6 - M88.
i i ; ’ : NGC4365 . .. o8 e o /_A/ :
This value is some two hundred times Hubble’s? estimate of 10°0Q : 4

for the mass of an average nebula. The cause of the discrepancy is
not clear. In the determination of the mass of the cluster, the only

CARNEGIE INSTITUTION OF WASHINGTON
Mount WILsoN OBSERVATORY
September 1935

1 Mt W. Comm., No. 105; Proc. Nat. Acad., 15, 168, 1929. \ de Ia Vlerge 3

5T am indebted to Dr. Hubble for suggesting this point.
6 F. Zwicky has pointed out (Helv. Phys. Acta, 6, No. 2, p. 110, 1933) that the
- velocity range in the Coma Cluster indicates non-luminous matter which is some four
hundred times the amount of the observed luminous material.
7 Stebbins, Mt. W. Comm., No. 113; Nat. Acad. Proc., 20, 03, 1934.

Amas

9 Omicron Virginis




Conclusion THE ASTROPHYSICAL JOURNAL

provisoire

VOLUME 86 OCTOBER 1937 NUMBER 3

ON THE MASSES OF NEBULAE AND OF
CLUSTERS OF NEBULAE

F. EWICEY

* Soit, chaque galaxie est bien plus massive que ce que I'on croit : la matiere
noire est concentrée dans les galaxies ;

e Soit, il y a de la masse invisible entre les galaxies ;

 Soit, la force de gravitation n’est peut-étre pas en 1/r?...

... en tous cas Y = de 200 a 500 Y, dans les Amas



Du cote des spirales
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Fig. 4. Mean velocities of rotation in the plane of the spiral.
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THE ROTATION OF THE ANDROMEDA NEBULA*

BY

Horace W. Bancock

The Andromeda Nebula and the Galaxy have many
well-known features in common, but one outstanding
discrepancy between the two systems has hitherto been
in their diameters. The spiral arms of M31 can hardly
be traced to a radius of more than 196 or 6 kiloparsecs.
Beyond this radius, no stars, comparable to the brighter
stars in the vicinity of the sun, have been reported,
although Hubble has discovered some outlying globular
clusters'® which lead him to suggest that the radius of
the nebula, as outlined by these objects, may possibly be
as great as 314°. This large figure is supported by the
photo-electric measurements of Stebbins and Whitford,
and by the micro-photometric measures of Shapley,?
both of which indicate the existence of a widespread,
faint, diffuse luminosity.

A new discrepancy is now directly apparent when the
rotations of the two systems are compared, for the
nearly constant angular veloeity of the outer parts of
31 is the opposite of the ‘‘planetary” type of rotation
believed to obtain in the outer parts of the Galaxy.

Mount HaMILTON, CALIFORNIA,

MarcH 31, 1939.
Issued October 30, 1939.
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La raie a 21 Cm Le «trou» radio est découvert par Janski

dans les années 30

Atmospheric
Opacity

100%
0%

T T T T
0.inm 1nm  10nm 100nm 1m 10pm 100pm 1mm 1cm 10cm 10m 100m 1

Laraiea A=21cm Wavelength

est découverte par Oort et Van de Hulst en

1940, dans le spectre de I'hydrogene neutre
(transition hyperfine spin up->down a 1420,4 MHz)

Most of the
Visible Light Infrared s Long-wavelength
s pectrum  Radio Waves observable i
G Gamma Rays, X-Rays and Ultraviolet observable  ,pgorhed by from Earth RadioWaves
. In discussion with H.C. from Earth, B m < blocked.
e ATl G Light blocked by the upper atmosphere it aome' atmosphenc
reception on the occasion (b”t observed from SPIOO). mospheric g:z:::e(:e“

of Qort's quadrennial
Jjubilee as a staff member of
Leiden Observatory, 1964.

distortion.  from space).

Les nuages interstellaires sont
essentiellement constitués d’hydrogéne neutre...



BULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS

IgHR7 NOVEMBER Q VOLUME XIV NUMBER 480

COMMUNICATIONS FROM THE NETHERLANDS FOUNDATION FOR RADIO
ASTRONOMY AND THE OBSERVATORY AT LEIDEN

ROTATION AND DENSITY DISTRIBUTION OF THE ANDROMEDA NEBULA DERIVED
FROM OBSERVATIONS OF THE 21-cm LINE

BY H. C. vAN DE HuLsT, E. RAIMOND AND H. VAN WOERDEN

Bull. Astron. Inst. Neth. , 14, 1-16, 1957
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Quand on commence a se poser des questions...

MNRAS , 127, 21-30, 1963

ON THE VALIDITY OF NEWTON’S LAW AT A LONG DISTANCE
Arrigo Finzi
(Communicated by F. A. E. Pirani)
(Received 1963 June 6)*

Summary

An attempt is made to solve the longstanding problem of the stability of
clusters of galaxies by assuming a law of gravitation that implies a much
stronger attraction at a long distance than that predicted by the law of Newton.
It is further shown that the same hypothesis could provide a solution to a
number of other problems in different fields of astrophysics.

10000 |y
—

... en se basant sur le mouvement des amas
globulaires autour de notre galaxie,

il calcule pour sa masse une valeur 3 fois
plus grande que celle provenant des
mesures de rotation de la partie centrale.
Il propose une modification de la loi de
Newton a grande distance (r 2 »>r1°)



Les premieres simulation numériques

THE ASTROPHYSICAL JOURNAL, 168:343-359, 1971 September 15
(@ 1971. The University of Chicago. All rights reserved Printed in U S A.

NUMERICAL EXPERIMENTS WITH A DISK OF STARS

Frank HonL
NASA, Langley Research Center, Hampton, Virginia
Received 1971 March 10; revised 1971 April 28

ABSTRACT

The evolution of an initially balanced rotating disk of stars with an initial velocity dispersion given
by Toomre’s local criterion is investigated by means of a computer mode] for isolated disks of stars. It
is found that the disk is unstable against very large-scale modes. After about two rotations the central
portion of the disk tends to assume a bar-shaped structure. A stable axisymmetric disk with a velocity
dispersion much larger than that given by Toomre's criterion is generated, The final mass distribution
for the disk gives a high-density central core and a disk population of stars that is closely approximated
by an exponential variation, '

100 000 particules dans un disque en
rotation et en équilibre (gravité/centrifuge)

... une spirale se forme mais elle
disparait rapidement !

t=10.0
Fio. 4.—Unooastraloed evedsthon of the mitialy talanced woiloemly rolating @k of OO0 stan.
The atars have an intial velocity digpansion given =y Tasrrc's critericn




THE ASTROPHYSICAL JOURNAL, 186:467-480, 1973 December 1
i 1973, The American Astronomical Society, All rights reserved. Printed in U.5.A.

A NUMERICAL STUDY OF THE STABILITY OF FLATTENED
GALAXIES: OR, CAN COLD GALAXIES SURVIVE?™
J. P. OSTRIKER —r—— >
Princeton University Observatory
AND
P. J. E. PEEBLES

Il est nécessaire de rajouter un halo de matiére noire enveloppant la
galaxie pour que la spirale soit dynamiquement stable
Ce halo est sphéroidal, trés grand et trés lourd M(r) = r
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CIRCULAR VELOCITY (k

THE ROTATION CURVES OF GALAXIES

Matiére Noire SSTRGOWY
a I'échelle galactique

IAU Symposium 1975
M.S.ROBERTS

ASTROPHYSICS

H 1 rotation curves of spiral galaxies
I. NGC 3198

K. G. Begeman
Kapteyn Astronomical Institute, Groningen University, Postbus 800, NL-9700 AV Groningen, The Netherlands

Received December 14, 1988; accepted April 3, 1989

National Radio Astronomy Observatory®, Green Bank, W. Va., U.5.A.
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Fig. 3. The rotation curve for M101. All data points are based on 21-cm observations. The inner 12°
are from interferometer measurements by Rogstad and Shostak (1971) and are for major axis values in
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are from interferometer measurements by Rogstad er al. (1973) and are for major axis values in their
Figure 5. The outer points are from recent measurements made with the 300-fi telescope.
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Fig. 9. The mean rotation curve for northern and southern half projected on a
position-velocity map at a position angle of 2157, Contour levelsare —1,1,3, 6,
13, 19 K. This map has not been corrected for primary beam attenuation

Le « double horn »

Radio-Observatoire de Green Bank | Les Spirales et LSB

Virginie Occidentale (26m)
(GBI : x 3)
Effondrement en 1988



Astron. Astrophys. 54, 661—673 (1977)

ASTRONOMY

La relation de Tully-Fischer

A New Method of Determining Distances to Gals

R. Brent Tully'* and J. Richard Fisher?

! QObservatoire de Marseille, France

2 National Radio Astronomy Observatory**, P.O. Box 2, Green Bank, W. Va. 24

Received July 15, 1975, revised April 26, 1976

La luminosité absolue des galaxies spirales

est corrélée a la vitesse tangentielle

Vv

des étoiles dans le disque

(partie plate de la courbe de rotation)

rot

et L varient dans le méme sens
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Fig. 1. Absolute magnitude — global profile width relation for nearby
galaxies with previously well-determined distances. Crosses are M3l
and ME&1, dots are M33 and NGC 2403, filled triangles are smaller
systems in the MB81 group and open triangles are smaller systems
in the M101 group



THE ASTROPHYSKCAL JOURNAL, 477:L1-L4, 1997 March 1

© 1007, The American Astronomical Society. All rghts mserved. Printad in US.A

Devient un solide indicateur de distance

THE TULLY-FISHER RELATION AND H;,

RicCARDO GIOVANELLL AND MARTHA P. HAYNES

Center for Radiophysics and Space Research and National Astronomy and lonosphere Center,! Comell University, Ithaca, NY 14953

AND

Gary WEGNER
Department of Physics and Astronomy, Dartmouth College. Hanover, NH 03755

Luiz N. pa Costa
European Southern Observatory, Karl Schwarzschild Str. 2, D-85748 Garching b. Miinchen, Germany and Observatorio Nacional, Rio de Janeiro, Braz

WoLFram FREUDLING
Space Telescope-European Coordinating Facility and European Southern Observatory, Karl Schwarzschild Str. 2, D-85748 Garching b. Miinchen, Germ:

Jounx J. Sarzer
Department of Astronomy, Wesleyan University, Middletown, CT 06457

Received 1996 November 5: accepred 1996 December 19

ABSTRACT

The use of the Tully-Fisher (TF) relation for the determination of H, relies on the availability of an adequate
template TF relation and of reliable primary distances. Here we use a TF template relation with the best available
kinematical zero point, obtained from a sample of 24 clusters of galaxies extending to ¢z ~ 9000 km s
most recent set of Cepheid distances for galaxies fit for TF use. The combination of these two ingredients yields
Hy =69 £ 5kms™ Mpc™. The approach is significantly more accurate than the more common application with
single cluster (e.g., Virgo, Coma) samples.
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FiG. 1.—Template relation based on 555 galaxies in 24 clusters. The fit is
2100 = 0.02-7.68 = 0.13 (log W - 2.5).
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THE ASTROPHYSICAL JOURNAL, 533:L99-L102, 2000 April 20

@ 2000, The American Astronomical Society. All rights reserved. Printed in U.S.A
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THE BARYONIC TULLY-FISHER RELATION

S. S. McGaucH,' J. M. ScHomBert,” G. D. BoTHUN,” AND W. I. G. pE BLok ™
Received 1999 December 14 accepted 2000 March 1: published 2000 March 21

ABSTRACT

We explore the Tully-Fisher relation over five decades in stellar mass in galaxies with circular velocities ranging
over 30 < 7/ <300 km s'. We find a clear break in the optical Tully-Fisher relation: field galaxies with
7. <90 km s' fall below the relation defined by brighter galaxies. These faint galaxies, however, are very rich
in gas; adding in the gas mass and plotting the baryonic disk mass M, = M, + M,,, in place of luminosity restores
the single linear relation. The Tully-Fisher relation thus appears fundamentally to be a relation between rotation
velocity and total baryonic mass of the form M, oc V7.

Puis, indicateur de M/L



Pour les objets triaxaux : le plan fondamental

R :lataille
3 parameétres: L :la luminosité
o :ladispersion de vitesse

Amas globulaires

Ultra-compactes naines

Elliptiques

Tollerud E. J., Bullock J. S., Graves G. J., Wolf J., 2011, ApJ, 726, 108



http://ned.ipac.caltech.edu/cgi-bin/ex_refcode?refcode=2011ApJ...726..108T
http://ned.ipac.caltech.edu/cgi-bin/ex_refcode?refcode=2011ApJ...726..108T
http://ned.ipac.caltech.edu/cgi-bin/ex_refcode?refcode=2011ApJ...726..108T
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1 bulbe, 1 disque et un Halo de matiere noire - ‘
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Masse du Halo : au mois 2 fois celle visible

- . Abell 5740



Les simulations cosmologiques

dans les années 80-90
Cold Dark Matter
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La matiere noire ne peut pas étre chaude !
(non relativiste au moment du CMB)

704

2dF Galaxy Redshift Survey oS

Les neutrinos ne peuvent pas représenter plus de 2% de la matiére noire.

On commence a penser aux particules SUSY

Supersymmetric relics from the big bang - John Ellis et al.
Nuclear Physics B
Volume 238, Issue 2, 11 June 1984, Pages 453-476



La répartition de la matiére noire dans les simulations

The Aquarius Project, MPA Garching, 2008 Projet Horizon, Collaboration Francaise, 2007
Code Gadget 2 Code Ramses

Pas mal de succes mais...
au moins 2 gros problemes ...


../../../Videos/Aquarius/Aq-A-2-evolv.mpg
../../../Videos/Horizon/move_LCDM_mp1-2.mpg

Le probleme du « cusp » Les LSB (qui sont faites de MN)

ont un profil de densité isotherme (Coeur-Halo)

THE ASTROPHYSICAL Jour~atr, 5521.23-126, 2001 May |
© 2001, The American Astromomical Society. All rights reserved. Printed in US.A

Les simulations CDM montrent des
MASS DENSITY PROFILES OF LOW SURFACE BRIGHTNESS GALAXIES , .
W1 G. or Biox structures avec Cusp aux échelles galactiques

Australia Telescope National Facility, P.O. Box 76, Epping NSW 1710, Australia; edeblok/@atnf.csiro.au

Stacy S. McGAUGH
TDepartment of Astronomy, University of Maryland, College Park, MD 20742-2421; ssm@astro.umdedu

ALBERT BosMa
Observatoire de Marseille, 2 Place Le Verrier, F-13248 Marseille Cedex 4, France; bosma/@batis.cnrs-mrs.fr
AND
VErRa C. RUBIN
Department of Terrestrial Magnetism, Carnegie Institution of Washington, 5241 Broad Branch Road, NW, Washington, DC 20015; rubin@ dtm. eiw edu
Received 2001 February 6; accepted 2001 March 15; published 2001 April 18

ABSTRACT

We derive the mass density profiles of dark matter halos that are implied by high spatial resolution rotation  Typ AsTroPHVSICAL JOURNAL, 462:563-575, 1996 May 10
curves of low surface brightness galaxies. We find that, at small radii, the mass density distribution is dominated g 1996 The American Astronomical Socicty. Al rights reserved. Printed in US.A.
by a nearly constant density core with a core radius of a few kiloparsecs. For p(r) ~ r=, the distribution of inner
slopes « is strongly peaked around ¢ = —0.2. This is significantly shallower than the cuspy o < —1 halos found
in cold dark matter simulations. While the observed distribution of o does have a tail toward such extreme values,
the derived value of ¢ is found to depend on the spatial resolution of the rotation curves: o = —1 is found only

for the least well resolved galaxies. Even for these galaxies, our data are also consistent with constant-density THE STRUCTURE OF COLD DARK MATTER HALOS
cores (o = 0) of modest (~1 kpc) core radius, which can give the illusion of steep cusps when insufficiently J FN L

resolved. Consequently, there is no clear evidence for a cuspy halo in any of the low surface brightness galaxies ULIO I. NAVARRO

observed. Steward Observatory, The University of Arizona, Tucson, AZ 85721

CARLOS S. FRENK
Physics Department, University of Durham, Durham DH1 3LE, England
A

AND
’0 / p»'() SmoN D. M. WHITE

)

Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild Strasse 1, D-85740, Garching, Germany
Received 1995 August 1; accepted 1995 December 4

ABSTRACT

We use N-body simulations to investigate the structure of dark halos in the standard cold dark matter
cosmogony. Halos are excised from simulations of cosmologically representative regions and are
resimulated individually at high resolution. We study objects with masses ranging from those of dwarf
galaxy halos to those of rich galaxy clusters. The spherically averaged density profiles of all our halos
can be fitted over two decades in radius by scaling a simple “universal ” profile. The characteristic over-
density of a halo, or equivalently its concentration, correlates strongly with halo mass in a way that
reflects the mass dependence of the epoch of halo formation. Halo profiles are approximately isothermal
over a large range in radii but are significantly shallower than =2 near the center and steeper than r~2
near the virial radius. Matching the observed rotation curves of disk galaxies requires disk mass-to-light
ratios to increase systematically with luminosity. Further, it suggests that the halos of bright galaxies
depend only weakly on galaxy luminosity and have circular velocities significantly lower than the disk
rotation speed. This may explain why luminosity and dynamics are uncorrelated in observed samples of
binary galaxies and of satellite/spiral systems. For galaxy clusters, our halo models are consistent both
with the presence of giant arcs and with the observed structure of the intracluster medium, and they
5 suggest a simple explanation for the disparate estimates of cluster core radii found by previous authors.
Obse rvations Our results also highlight two shortcomings of the CDM model. CDM halos are too concentrated to be
consistent with the halo parameters inferred for dwarf irregulars, and the predicted abundance of galaxy

pour |e5 LSB halos is larger than the observed abundance of galaxies. The first problem may imply that the core struc-
r / Tso ture of dwarf galaxies was altered by the galaxy formation process, and the second problem may imply
. 2 that galaxies failed to form (or remain undetected) in many dark halos.
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Le probleme des sous-structures
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DARK MATTER SUBSTRUCTURE WITHIN GALACTIC HALOS
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2000 kpc

ABSTRACT

We use numerical simulations to examine the substructure within galactic and cluster mass halos that form
within a hierarchical universe. Clusters are easily reproduced with a steep mass spectrum of thousands of sub-
structure clumps that closely matches the observations. However, the survival of dark matter substructure also
occurs on galactic scales, leading to the remarkable result that galaxy halos appear as scaled versions of galaxy
clusters. The model predicts that the virialized extent of the Milky Way’s halo should contain about 500 satellites
with circular velocities larger than the Draco and Ursa Minor systems, i.e., bound masses =10° M_ and tidally
limited sizes =1 kpc. The substructure clumps are on orbits that take a large fraction of them through the stellar
disk, leading to significant resonant and impulsive heating. Their abundance and singular density profiles have
important implications for the existence of old thin disks, cold stellar streams, gravitational lensing, and indirect/
direct detection experiments.

Les simulations sont auto-similaires !

La voie lactée devrait étre entourée d’environ 500 galaxies
satellites alors que I’'on en observe une douzaine !

S’il en avait autant notre disque serait beaucoup plus chaud

Fig. 1.—Density of dark matter within a cluster halo of mass 5 x

a cause deS fréquentes CO”iSiOhS... 10" M _ (top) and a galaxy halo of mass 2 x 10" M _ (bottom). The edge of

the box 1s the virial radius, 300 kpc for the galaxy and 2000 kpc for the cluster
(with peak circular velocities of 200 and 1100 km s~', respectively)
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Tout n’est pas perdu... dans les amas de galaxie
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WEAK LENSING ANALYSIS OF Cl 1358+ 62 USING HUBBLE SPACE TELESCOPE OBSERVATIO
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ABSTRACT

We report on the detection of weak gravitational lensing of faint, distant background objects by
Cl 1358 +62, a rich cluster of galaxies at a redshift of z =0.33, The observations consist of a large,
multicolor mosaic of Hubble Space Telescope WFPC2 images. The number density of approximately 50 o0
background objects arcmin =2 allows us to do a detailed weak lensing analysis of this cluster. We detect TN
a weak lensing signal out to ~ 1.5 Mpc from the cluster center. The observed distortion is consistent with
a singular ©othermal sphere model with a velodity dispersion of 780 + 50 km s~ '. The total projected
mass within a radius of 1 Mpc corresponding to this mode is (4.4 + 0.6) x 10'* M. The errors given
here represent the random error due to the ellipticities of the background galaxies. The uncertainty in
the redshift distribution mtroduces an additional systematic error of ~ 10% in the weak lensing mass.
The weak lensing mass is slightly lower than dynamical estimates and agrees well with X-ray mass esti-
mates. The mass distribution 1s elongated in a similar way as the light. The axis ratio of 0.30 + 0.15 and
position angle of —21° + 7 were measured directly from the observations and agree very well with a
previous strong lensing determination. A two-dimensional reconstruction of the cluster mass surface
density shows that the peak of the mass distribution coincides with the peak of the light distribution. We -
find a value of @0 + 13)h, M, L;} for the mass-to-light ratio, consistent with being constant with U
radius. The point-spread function of HST is highly anisotropic at the edges of the individual chips. This
systematically perturbs the shapes of objects, and we present a method for applying the appropriate
correction.
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Les effets de lentille gravitationnelle
permettent dans certains cas de tracer des
cartes de la répartition de la matiére noire
dans les amas de galaxie _100
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Une alternative
MOdified Newtonian Dynamics

A MODIFICATION OF THE NEWTONIAN DYNAMICS AS A POSSIBLE
ALTERNATIVE TO THE HIDDEN MASS HYPOTHESIS'
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Department of Physics, The Weizmann Institute of Science, Rehovot, Israel; and
The Institute for Advanced Study
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ABSTRACT

I consider the possibility that there is not, in fact, much hidden mass in galaxies and galaxy
systems. If a certain modified version of the Newtonian dynamics is used to describe the motion of
bodies in a gravitational field (of a galaxy, say), the observational results are reproduced with no
need to assume hidden mass in appreciable quantities. Various characteristics of galaxies result with
no further assumptions.

In the basis of the modification is the assumption that in the limit of small acceleration a < a,
the acceleration of a particle at distance r from a mass M satisfies approximately a*/a, = MGr™ =,
where a; is a constant of the dimensions of an acceleration.

A success of this modified dynamics in explaining the data may be interpreted as implying a need
to change the law of inertia in the limit of small accelerations or a more limited change of gravity
alone.

I discuss various observational constraints on possible theories for the modified dynamics from
data which exist already and suggest other systems which may provide useful constraints.
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Exit la matiére noire, un seul paramétre a;, = 10 1 m.s2 car r, = r,(a,) = 10 kpc
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Un véritable succes

Sur un échantillon de
galaxies, le rapport
M/L semble étre
différent de la valeur 1
Indépendamment de la
taille de la galaxie,

log(Mg,n/Ly)

{ 1.5
log[r (kpc)]

MODIFIED NEWTONIAN DYNAMICS AS AN
ALTERNATIVE TO DARK MATTER

Robert H. Sanders' £ Stacy 8. MeGaugh?

'Kaptevn Astronomical Institute, University of Gronimgen. Groningen, The Netherlands
'I]:lu:purt ment of Astronomy, University of Marvland, College Park, MDD, 1TJ5A

KEYWORDS: dark matter, galaxy dyvnamics, gravitational theory, cosmology

ABSTRACT:

Modified Newtonian dynamics (MOND) is an empideally motivated modification of Newtonian gravity or
inertia sugeested by Milgrom as an alternative to cosmic dark matter. The basic idea s that at accelemtions

below as = 107% em/s” = cH,/6 the effective gravitational attraction approaches W Enile where g, is the

usual Newtonian acceleration. This simple algorithm vields Hat motation corves for spiral galaxies and a
mass-rotation velocity relation of the form M x V¥ that forms the basis for the observed luminosity-rotation

veloeity relation— the Tully-Fisher law. We review the phenomenological suecess of MOND on scales ranging
fromm dwarf spheroidal galaxies to superclusters, and demonstrate that the evidence for dark matter can be

equally well interpreted as evidence for MOND. We discuss the possible phyvsical basis for an acceleration-

based modification of Newtonian dvnamics as well as the extension of MOND to cosmology and stroctune

fonmation.

Annual Review of Astronomy and Astrophysics, Vol. 40, p. 263-317 (2002)
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Echantillon utilisé :
Les spirales de la grande ourse

.. dés que a <10 -10m,s2

Par contre il s’écarte de 1 dans le
régime des faibles accélérations !



NGC1560 i, . - o . . - Dans le méme article

{NGC 1560 (LSB)

<pg> = 23.2 mag/arcsec®

v (km/s)

(M/Lg)yy = 0.4

Le modeéle fonctionne
pour tous les types
de galaxies spirales 250 ——1—— T

™~ Disque visible
10

NGC2903 (ion) . . B =00

e | NGC 2903 (HSB)

150 ]
3 .. Disque visible 7
100 E - $ ] <pp> = 20.5 mag /arcsec?
ga ]
50% Z§/_.H. ] M/ L)y = 1.9
R T 1
pbdf 1 o 11 ]
0 10 20 30




200 = -1 200 - =]
-3 T
100 e, 9 100 [ T3
0 T e SR i} ! i ..|.|||“....|.|:|J“...l:_||- y
] 10 20 o0 5 10 1% 20 25 [1] 5 m 15

8

200
! 100
100 - L

e e
0.I'T'J.-.:.I|J|.I.|Ja ]

0 4 -] 12 18

R LT T S _ugeeeer g

100

. . P -
[ A FEE PR e i} gt S o Lo

w16 20 a ] 10 16

=]

F

P wlarien £

0 B
1] 10 20 30
200 [ }:]G'C' AP!'!I' — T 100 —lw'—l—l—l— 150 _—wm-w
100 [- . E
o e T
1] 5] 10

[ 7 180 .
[ ] ] 100 | E
100 1 1 100 . : -
3 1 - e ] X ] " a0 ]
o bt i T T T gl Lo 0] 0 DT T e 1] r e =] E = 3 ’
@ 1 2 3 4 & & 0 10 20 @ & 10 15 20 o= | . 1) I IS
a 2 4 & & 0 5 10 15

Dans tous les cas particuliers (spirales de la grande ourse)

=



Pour les amas de galaxies, MOND arrange les choses...
... mais ne régle pas le probleme !

NewiLon
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Figure 10: (Leff) the Newtonian dynamical mass of clusters of galaxies within an observed
cutoff radius (ry: ) vs. the total observable mass in 93 X-ray emitting clusters of galaxies
(White et al. 1997). The solid line corresponds to Mg, = Mg, (no diserepancy ). (Right)
the MOND dynamical mass within rg,: vs. the total observable mass for the same X-ray
emitting clusters. From Sanders (1999).



MOND crée moins de petites structures que CDM

Log(4)

—3 —2 -1 0

Log(scale factor)

Figure 12: The growth of spherically symmetric over-densities in a low-density barvonic
universe as a function of scale factor in the context of a two-field Lagrangian theory of
MOND. The solid curves correspond to regions with comoving radii of 20, 40, and 80 Mpe.
The dotted line is the corresponding Newtonian growth. With MOND smaller regions enter
the low-acceleration regime sooner and grow to larger final amplitude. The vertical dashed
line indicates the epoch at which the cosmological constant begins to dominate the Hubble
EX pAansion.
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Phys. Rev. D 70 (8), 2004
Relativistic gravitation theory for the MOND paradigm

Jacob D. Bekenstein®
Raecah Institute of Physics, Hebrew Universily of Jerusalem
Givat Ram, Jerusalem 91904 ISRAEL
(Dated: February 2, 2008)

The modified newtonian dynamics (MOND) paradigm of Milgrom can boast of a number of
successful predictions regarding galactic dynamics; these are made without the assumption that
dark matter plays a significant role. MOND requires gravitation to depart from Newtonian theory
in the extragalactic regime where dynamical accelerations are small. So far relativistic gravitation
theories proposed to underpin MOND have either clashed with the post-Newtonian tests of general
relativity, or failed to provide significant gravitational lensing, or violated hallowed principles by
exhibiting superluminal scalar waves or an a priori vector field. We develop a relativistic MOND
inspired theory which resolves these problems. In it gravitation is mediated by metric, a scalar
field and a 4-vector field, all three dynamical. For a simple choice of its free function, the theory
has a Newtonian limit for nonrelativistic dynamics with significant acceleration, but a MOND limit
when accelerations are small. 'We calculate the 3 and v PPN coefficients showing them to agree
with solar system measurements. The gravitational light deflection by nonrelativistic systems is
governed by the same potential responsible for dynamics of particles. To the extent that MOND
successfully describes dynamics of a system, the new theory’s predictions for lensing by that system’s
visible matter will agree as well with observations as general relativity's predictions made with a
dynamically successful dark halo model. Cosmological models based on the theory are quite similar
to those based on general relativity; they predict slow evolution of the scalar field. For a range
of initial conditions, this last result makes it easy to rule out superluminal propagation of metric,
scalar and vector waves.
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Physical Review Letters, vol. 96, Issue 1, 2006

Large Scale Structure in Bekenstein’s theory of relativistic Modified Newtonian
Dynamics

C. Skordis', D. F. Mota?, P. G. Ferreira'?, C. Beehm*®
! Astrophysics, University of Ozford, DWB, Keble Road, Ozford OX1 3RH, United Kingdom
?Institute for Theoretical Astrophysics, University of Oslo, N-0315 Oslo, Norway
3 African Institute for Mathematical Sciences (AIMS),
6-8 Melrose Road, Muizenberqg 7945, South Africa
*TH Division, PH Department, CERN 1211, Geneve 23, Switzerland
SLAPTH, UMR 5108, 9 chemin de Bellevue -BP 110, 74941 Annecy-Le-Vieuz, France

A relativistic theory of modified gravity has been recently proposed by Bekenstein. The tensor
field in Einstein’s theory of gravity is replaced by a scalar, a vector, and a tensor field which interact
in such a way to give Modified Newtonian Dynamics (MOND) in the weak-field non-relativistic limit.
We study the evolution of the universe in such a theory, identifying its key properties and comparing
it with the standard cosmology obtained in Einstein gravity. The evolution of the scalar field is akin
to that of tracker quintessence fields. We expand the theory to linear order to find the evolution
of perturbations on large scales. The impact on galaxy distributions and the cosmic microwave
background is calculated in detail. We show that it may be possible to reproduce observations of
the cosmic microwave background and galaxy distributions with Bekenstein’s theory of MOND.,

FIG. 4: The angular power spectrum of the CMB
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Conclusion ?

O A I'échelle galactique on a besoin de la matiére noire ?
® A I’échelle des amas on peut éventuellement s’en passer ?

(O MOND ne guérit sans doute pas tout !

® Il y a plusieurs formes de matiére noire

Baryonique / Non baryonique
Gaz Neutrinos, etc
Trous noirs, Jupiter ?
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