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Evidences of dark matter

=>» Galaxy clusters, Virial /visible mass ~100 (Zwicky 1937)
Comacluster: galaxy velocity dispersion

=» Rotation curves
for Instance

our Galaxy,

The Mikly Way
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visible mass,

The velocity remains
high, instead of I
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GaIaX|eS W|th HI M83: optical

2 Anglo-Australian Observalory

HI: cartography of atomic hydrogen
Wavelength 21cm
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HI in M83: agalaxy similar to the Milky Way?3



Gravitationnal shear, weak lensing
. — |

Red: X-ray gas h N
Blue: total matter

Cosmos field

matiérﬁbmunlqne} visible

Constraintson the
Dark Matter, and
Dark Energy

Massey et al 2007



Tully-Fisher relation

Relation between maximum velocity
and luminosity 22
AV corrected from inclination
Much less scatter in | or K-band
(no extinction)

20

Mb,i

Correlation with Vflat
Better than V max

18 [
Uma cluster
Verheljen 2001




Tully-Fisher relation
for gaseous galaxies
works much better In
adding gas mass

Relation My4yons
with Rotational V

Mb ~VC4

1010 1011

1010 1011

McGaugh et a (2000) & Baryonic Tully-Fisher



Where are the baryons?
=2 6% in galaxies; 3% in galaxy clusters as hot X-ray gas
=><18% in the Lyman-al phaforest (cosmic filaments)

= 5-10% in the WHIM (Warm-Hot Intergalactic Medium) 10°>-10°K
OVI lines |

=>65% are not yet identified or localised!

Most of them are not in galaxies




Problems of the standard A-CDM model

=>» Prediction of cuspsin galaxy center, which are in particular
absent in dw-Irr, dominated by dark matter

=» L ow angular momentum of baryons, and as a consequence
formation of much too small galaxy disks

=» Prediction of alarge number of small hal os, not observed

The solution to all these problems
could come from unrealistic
baryonic physics (SF, feedback?),
or lack of spatial resolution in
simulations, or wrong nature

of dark matter?
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MOND =MOdified Newtonian Dynamics
Modification at weak acceleration

a= (g ay)"?

ay~1Ur2 >a~1r = V2=cste V- [u(|Vo| /ag)V] = 4nGp
> ~V4R? ~ GM/R? (TF) (Milgrom 1983)

ay=a p(x)
Xx=aa 8=1210Ym/s* or 1Angstroms/s’

X << 1Mondianregime u(x) 2 X .4 /
x>>1 Newtonian u(x) > 1 -/




Covariant theory, general relativistic

TeVeS Tensor/Vector/Scal ar wy) = - fu NOE
Bekenstein (2004) S
To replace General relativity in weak curvature

=>» Introduces a 5th force, violation of SEP (not of WEP)

Can get out naturally from some string theory models
(Mavromatos & Sakellariadou 2007)

Einstein aether devel opments
Many other tentative theories

Recent developments: Vector field with non-linear coupling with
space-time metric (Zloznik et al, 2007, Zhao, 2008)
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Dynamic Mass / Visible Mass

The ratio remarquably depends on acceleration,
=» The only variable controling the gravity regime universally

My /M,
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b)

Tully-Fisher relation ::
Ou? = 80y = 3GCM/r?= V4/r? HE
L1, |
=> V4= dy GM E 1
LN '
= 10°
. hr‘
Rotation curves arefit for all types
LSB N1560 (dwarfs L SB, giant HSB)

HSB N2903
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Pressure-supported systems

Sanders & McGaugh 2002
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Multiple rotation curves..

Sanders & Verheijen 1998, all types, all masses
--- gas, .... Stellar disk,—-- bulge
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Problems of MOND in galaxy clusters

Inside galaxy clusters, there still existing some missing mass,
which cannot be explained by MOND, since the cluster center
IS only moderately in the MOND regime (~0.5 &,)

Observationsin X-rays. hot gasin hydrostatic equilibrium,
and weak gravitational lenses (shear)

MOND reduces by afactor 2 the missing mass
=> It remains another component, which could be neutrinos....
(plus baryons)

The baryon fraction is not the universal onein clusters
(so baryons could still exist in the standard ACDM mode)

But if CDM does not exist, there is no limiting fraction
16
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According to baryon physics, cold gas could accumulate at the cluster
centers
Alternatively, neutrinos could represent 2x more mass than the
baryons
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The bullet cluster

X-ray gas

SHOCK FRONT

o

BULLET-SHAPED HOT GAS

Proof of the existence of non-baryonic  FEEEEa '_ |
matter Total mass

Accounted for in MOND + neutrinos (2eV, Angus et a 2006) o



Model of the bullet iIn MOND
....... Clowe et al 2006, Angus et al 2007
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CDM simulation

Collision velocity from the bow-shock = 4700+500km/s (Mach 3)
Hayashi & White 2006 Farrar & Rosen 2007

=» impossible to reconcile with CDM

Milosavljevic et al 2007, Springel & Farrar 2007
CDM can only

V < 3500 km/s

MOND > 4500 km/s
Relative velocities
between halos

4 times higher in MONL
Linares et a 2009

Collision by 16%
over-estimated?

V_gas could be higher
thanV_CDM




Abell 520
7=0.201

Red= X-ray gas
Contours= lensing
=>»Massive DM core
Coinciding with X gas
but devoid of galaxies

Cosmic train wreck

Opposite case!




Abell 520 merging clusters

Contours=total mass  Contours = X-ray gas

How are the galaxies g ected from the CDM peak??

22



Constraints on MOND
from galaxy dynamics and observations

Arethe stability, evolution & formation of
galaxies stringent tests of the theory?

Can we determine the form of
the interpolation function p?

23



Scalina laws. DM surface density
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E{mzf_ippdz:E,H[M(-::a-)—br‘{ﬂ}]=E-"’.AEL = A |mpllcatIOnS

=2>3,, = 138 (a,/1.2 E10m/s?) M /pc?

In MOND: the « phantom »
dark matter added under
the Newton hypothesis,

has the appearance of a
CsteY, o« a0l

(Milgrom 2009)

At least if the central parts
are Newtonian

It is possible to have systems
with lower densities~0.5 %,
Not in the Donato et al sample

log gpar,(ry) (cm s72)

Large central b means
high DM core radius

The DM core radius is where
the acceleration falls below
6 1010 m/<s?
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Escape velocity

Potential in the MONDian regime ®(r) = (GMay))Y?Inr

2V > = ® (o) — O(r) =>» no escape possible!

i . MOND "]
But a galaxy is never totally o |
isolated = External field effect (EFE) e

/ MOND +g_,

o P/

—V-ux)gl = 4nGpX, Y. Z), x 4 :

400 EOD
B {kpc}
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EFE: External Field Effect

If external field g, 1sinthe X direction

At largeradii, it isequivalent to adilatation A
GM,

it

& (X, V. Z) = —— .
w J(T+FAYZ+Z2) + X2+ 52

Define an internal potentia @,
0°

0X?

V2. + A

1nt

b

1nt

— 471—610/1”‘1”?

Where g<<g.,<<ag,
Keplerian dependence, with renormalization G = Ga,/g,

27



Milky Way: effect from Andromeda
Observations RAVE (Smith et al 2007) =» 498 < v__ < 608kms*

escape and rotation speeds (km/s)

244

1000 [

km/s - g, = a,/100

Jext=0.010,

1 10 100

radius (kpc)

Wu et a 2007
Simulations with

the Besancon
model of MW

28



EFE: precession Newton: no effect

MOND: non-linear effect, gravitationnal torque and precession
Violation of the strong equivalence principle
= Origine of Warps? (also Brada & Milgrom 2000, LMC/MW)



Orbit of the LMC (Large Magellanic Cloud)

Recent proper motions measurements with HST

Reveal that the velocity of the LMC is 378km/s

(SMC 302km/s)

Kallivayalil et al 2006, Piatek et al 2007

100km/s higher than before, close to escape

=>» First passage of LMC+SMC

=>» Origin of the Magellanic Stream? Bedla et al 2007

C T T T T | T T T
| Fiducial Model: M_ =101

400 -  Escape Vslocity at 50 kpe {~3B0 km/s)

g & . . Ve KL (378 km/s)

%, | Tidal forces, R e e

4 O ram-presaure stripping? ™| o 300 (25 )
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Stability of galaxy disks

spiralsand bars are the motor of evolution

CDM: Spheroidal haloes stabilise the disks
MOND,; disks are entirely self-gravitating

However, the gravity law Is not linear
but in MY2in the MOND regime

Bars grow when angular momentum is transfered
=>» accepted by spheroidal haloes

31



Disk dynamics in MOND
Multi-grid algorithm
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Influence of DM halo

With DM halo Without DM (MOND)

1 I.5 1.7 na 1.5 .4

ro
1
Fs
[ ]
[
-

!:\-.'ll
A

33
Tiret & Combes 2007




Bar strength and pattern speed with and w/o DM
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Interactions of galaxies. the
Antennae: MOND versus CDM

Dynamical friction is much lower with MOND: mergers
last much longer

CDM MOND

Also much longer time-scale for
merging of dissipationless galaxies (Nipoti et al 2007)



Simulations of the Antennae

MOND
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Dynamical friction

Analytically, the dynamical frictionis predicted stronger with MOND
than in the equivalent Newtonian system with dark matter

Ciotti & Binney 2004 (CB04), Nipoti et al 2008

However simulations show DF less efficient in galaxy interactions

In CDM, alot of particles acquire E and AM, and DF concept applicable
= In MOND, a small number of particlesin the outer parts acquire

big quantities (no analytical treatment)

Nipoti et al 2007, Tiret & Combes 2007
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Merger induced starbur sts degener acy

CDM:: dynamical friction on DM particles very efficient
=>» mergers in one passage

g3bzS 20adirdd g5bgSb09ret0

L

MOND: with the same
angular momentum, merger

will require many passages

L

SFR
o
15 20
1 ]
—_— ]
! |

Starburst at each passage when 3 ol ‘y
minimal approach a1 [ :
o | o) :
=> Number of "merger/SB" can Hﬁ W ~ L:’V"‘) "‘\‘g
be eXpIaI ned bOth Ways = 0 | Illl:lI]EII IEIEIEIIDl I'EI:D'I:I'D DDI | IllDDIDI IEICI'lUIlJl Iﬂ:ﬂ'ﬂﬂ
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Di Matteo et al 2007



Formation of Tidal Dwarf Galaxies

Exchange of AM iswithin the disk: =»much easier with MOND
toform TDG

In DM, requires very extended DM distribution (Bournaud et a 03)




TDG In N5291 HI ring
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Dynamics of the TDGs

NGC 5291N NGC 52918 NGC 52915W
EFE — =44 deg

EFE — 1=537 deg EFE — 1=39 deg
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MOND and the dark baryons

IsMOND compatible with the existence of dark gas
In galaxies? What fraction provides the best fit to the rotation curves?

Fit of ~50 rotation curves, c=M(dark)/MHI
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Tiret & Combes 08, Milgrom 07 43



Combination with MOND
NGC 1560: fitswith variation of a, ~ 1/(gas/HI)
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Dark matter in Ellipticals

Planetary Nebulae: Romanowsky et al 2003
Dearth of dark matter??

. Visible matter (isotropic) .. %j 1 Nec 521
- - - Isothermal (iSOtI’OpiC) 1502— %‘3-.“:_7;_:————;—————__________zg
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Anisotropy of velocities

B=1-0c?%/c%, -oc, 0, 1

B circular, isotropic and radial orbits

When galaxy form by mergers,
orbits in the outer parts are

strongly radial, which could explain
the low projected dispersion

(Dekel et al 2005)

The observation of the velocity profile is somewhat degenerate
and cannot lead to the dark matter content univocally 46



Young stars are
In yellow contours
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DM profile from satellites

SDSS, 2500 deg?, 3000 satellites Mb=-16, -18 (galaxies —14)
Removal of interlopers
o, =120km/s at 20kpc and 60km/s at 350kpc (Prada et al 2003)

=» Declines agree with p ~r3 of NFW (CDM profile)

o, within 100kpc varies as L°3, quite closeto TF relation

In average 2 satellites per galaxy, and 0.2 interlopers

See also McKay et al (2002) o ~L°%° from 1225 SDSS satellites

Mo 1N @greement with lensing results
But flat velocity dispersion recovered (asif p ~r2)

48



Satelitesin
SDSS
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Test of the SDSS satdllites

2 typesof CDM CDM1: NFW cusp
Tiret et al 2007 CDM2: asrequired by rotation curves
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Tully Fisher Equivalent
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Large scale structure

In comoving coordinates. r =ax, v =da/dtx +au
> AD =41 G op
w(Qu/y) 9u=0gy + C C =rot (h) v critical acceleration (=a0)

Previous approximations h=0 (Nusser 2002, Knebe & Gibson 2004)
Newton and MOND accelerations are then parallel
Start from a cosmological Newton+ CDM - then find MOND produces
as much clustering (y = cste)

& ~ a?, instead of 6 ~a for Newton+ CDM

New code AMIGA, taking into account the curl (Llinares et al 2009)
Initial conditions from CMBFAST, displacements ( Zeldovich approx)
1283 grid, 32h' Mpc, assuming Newtonian initial state
=>» For that critical acceleration y varies with time
v =ay0
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Z=5

MOND cosmological simulations

Starting z=50, dissipationless matter, 2 low Q2 models+ ACDM
Llinares et a 2009
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Evolution with time

Does the critical acceleration vary?
a,~CH,, oralso a,~c(A/3)Y?

Possible to iImagine variations, in either way (more or less MOND
In the early universe)

Open question, asis the evolution of Q,




MOND: fit of CMB data, WMAP

Include massive neutrinos 1-2eV Fit with MOND
(no-DM) of
Acoustic peaks
(Skordiset a 2006)
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TeVeS: CMB and LSS
Skordis 2009

Growth of structures due to the vector field
Scalar field =» aceleration of expansion, DE
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Other possibilities

GEA: Generalized Einstein Ether theories
Zloznik et a 2006, Ferreiraet a 2009

From TeVeS, suppression of one degree of freedom,
Supress the scalar field, in combining with the Vector Field
Which is now no longer unit timelike (but timelike)

Physical metric (no longer Einstein-frame metric)

=>» Retrieve the MOND phenomenol ogy
Vector field sourcing potential wells

Many other possibilitiesto explore

S7



Conclusion: Success and Problems

CDM: great success at large scale, but problems at galaxy scales
MOND solvesthe problems of galaxies,

but has to solve its own problem at group and cluster scales
(neutrinos, baryons..)

=» Obsarvational tests could constrain the various MOND models

=>» Lorentz covariant theory, TeVeS (Bekenstein 2004)
=>» Different metric, some free parameters still
[a0 ~c HO today, but does it vary with time?)

Numerous other propositions: Einstein Aether (scalar field),
Vector field, etc..
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Tests of General Relativity

. Detection through weak lensing of deviation from GR at
cosmic scales Rachel Bean (2009)

. ISW (Integrated Sachs-Wolfe effect) WMAP

Correlated with 2MASS and SDSS
With COSMOS HST deep field, and weak lensing

Cosmological constant, or guintessence?
Modified gravity: f(R), DGP (Dvali-Gabadadze-Poratti)-branes,
TeVeS, Yukawa models, etc..

Not only acceleration of expansion, but effect on LSS growth

Could raise the degeneracy .



First detection n<1 ?

ds* = —a*(T){d7T*[1 + 2 (x, 7)] + dx*[1 — 2¢(x,1)]}

Where y and ¢ are the two newtonian potentials
for the temporal and spatial perturbations of the metric resp.

ok, a) (e a) = ]11{5,:?.-!?{5,:}
n(k,a) = 5k a) y(k, a) n0,.(a)

n=1, if GRisverified evenif ythe growth rate can be modified

Analysis of all data, BAO, CMB, Union SNla, Cosmos, WL..
And ISW from WMAP and surveys (2MASS, SDSS)

=» GR disfavored at 98% level
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L/L
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0.2

Evidence of deviation from GR

C*(n)/C(GR)

2.2

COSMOS WL brings evidence that DE is amodification of GR
More than a cosmological constant (Bean 2009)

To be confirmed with DES, LSST, etc..
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