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Evidences of dark matter

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

=» Rotation curves
for instance

our Galaxy,

The Milky Way
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Gal aXieS W|th HI M83: optical

HI: cartography of atomic hydrogen
Wavelength 21cm

@ Anglo-Australian Observalory
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- a galaxy similar to the Milky Way?*



Gravitationnal shear, weak lensing
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Red: X-ray gas
Blue: total matter

Cosmos field

matiére nolre

Constraints on 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 Vmax

-18
Ursa cluster
Verheijen 2001




Tully-Fisher relation
for gaseous galaxies
works much better in

: 3§
adding gas mass ¥
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McGaugh et al (2000) & Baryonic Tully-Fisher
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Baryonic Tully-Fisher relation
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vvVihnere c
=2 6% In galaxies ; 3% in galaxy clusters as hot X-ray gas

=><18% in the Lyman-alpha forest (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




Fraction of baryons detected

01 1 1 1

Fraction = Mb / (0.17 M500) M500 dynamical mass within R500
R500 radius where the density is 500 times the mean cosmic density
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log,,(dn(L,)/dlog,(L, )}

Mass & Light Distribution Functions

ACDM: Too many bright and too many faint galaxies
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Star Formation Feedback to fit faint end

Gas is heated in dwarfs, but falls in heavier haloes
=>» worsen the bright end problem

log AN/(dlog M., ) [Mpc™ dex™']

8 9 10 11 12
|Dg lII"'Illstl:Jr [ME}:I

=» Requires AGN feedback at the bright end
Somerville et al 2008



Problems of the standard A-CDM model

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

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

=» Prediction of a large number of small halos, not observed

The solution to all these problems
could come from some

baryonic physics (SF, feedback?),
or lack of spatial resolution in
simulations, or wrong nature

of dark matter?




Dwarf Irr : DDO154 the prototype

0 T T oo
% = Carignhan & Beaulieu 1989 ’
o | 2Nocusp | Low surface brightness

1 galaxies are dominated by
dark matter

Vior ( km / sec )
3
|

T i ]
—_ ',F | —]

el Swaters et al 2009
T ; :

| __l | | | | | | | | | |
5 10 15 13
Radius (kpc) Radius (scale lengths)




plripg

i

L L
—T—— T

L
—T

w

=]

1 e i8]
radius r {h" kpc)

Size of cusps depends on the galaxy. Dwarfs rc ~10kpc
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Cusps and Warm DM (WDM})

The density profile is universal: NFW, for HDM, WDM and CDM

(Wang & White 2009)
=>» The universality Is not due to mergers

- &
In monolithic collapse, same features —_—
Concentrations, cusps, shapes of haloes |G
Spins of haloes, kinematics é c

The only big difference is the power R
spectrum
=>» Can be fitted, to limit small scales g ﬂ

8‘, "

z= 0.58 *0,=0.8 z= 0.36 = 0,=0.9

Temperature at decoupling, could limit
phase-space densities, but r /r,,,< 103

Cores in galaxies r./r,q, = 5% © .
Villaescusa-Navarro, Dalal (2011) —om

gg=1:47 2= (.00 Og=2.



Steep
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Stellar mass matching
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Problems of the WDM

To account for dwarf galaxies cores,
m ~0.1 kev

But for large scales 1-10kev
IS required

100 E

Dwarf galaxies have to be formed
anyway, with a kpc scale cores.

10 111111

But the mMWDM required for their core
suppress the dwarf formation

Maccio et al 2012
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Alternative theories of gravity
(« venture capital »)

Scalar-tensor theories
Chameleon
Einstein-Aether Theories
Modifed Newtonian dynamics

Tensor-Vector-Scalar Theories
Bekenstein Te\VeS

Other theories, for dark energy, degravitation..
higher order derivatives f(R)
Higher Dimensional Theories of Gravity
Branes

20



MOND =MOdified Newtonian Dynamics

Modification at weak acceleration

a = (ag ay)

V- [u(|Vo|/ag)V] = 4nG
ay~ 1/ »a~1Ur = VZ=cste VO 1/a0Vo ] = dnGp

> a2 ~V4R2 ~ GM/R? (TF) (Milgrom 1983)

ay=a p(X)
X=ala, a,=12101m/s> or 1Angstroms/s?

T ———— e
— —

X << 1 Mondian regime u(x) 2 X .4 /
x>>1 Newtonian n(x) > 1 /

Covariant theory: TeVeS

Account for lensing T S



Dynamic Mass / Visible Mass

The ratio remarquably depends on acceleration,
=» The only variable controling the gravity regime universally
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LSB N1

100

Tully-Fisher relation

On° = 890y = 3,GM/r2= V4r?

= V4i=3,GM

Rotation curves are fit for all types

560 (dwarfs LSB, giant HSB)

250 [

10*
e 7,

HSB N2903




Pressure-supported systems

Sanders & McGaugh 2002
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Multiple rotation curves..

All types, all masses, with the same parameter ao,

universal for ~1000 curves Sanders & Verheljen 1998
(a) | | | (b) .
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. o 2+ & 5 10
0 S 10 15 R (kpc)
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Problems of MOND In galaxy clusters

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

Observations in X-rays: hot gas in hydrostatic equilibrium,
and weak gravitational lenses (shear)

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

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

But if CDM does not exist, there is no limiting fraction
26



MOND & galaxy clusters

Newlon MOND
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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
27



The bullet cluster e s

SHOCK FRONT

BULLET-SHAPED HOT GAS

Proof of the existence of non-baryonic ¥ e Mg R
matter Total mass

Accounted for in MOND + neutrinos (2eV, Angus et al 2006) *



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 al 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!

30



Abell 520 merging clusters

&y

Contours=total mass  Contours = X-ray gas

How are the galaxies ejected from the CDM peak??

31



A520: Dark core with X-ray

Jee et al 2012 oS

Dark core at 10c o/ O\ g, Yy
Contours of DM PSS =S aa
(weak lensing HST) KGNt .

on X-ray (red) PAP NN 2

Collisional dark matter? cpy,/mpy ~3.8cm?/g
Real counter-example of the bullet
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a
from galaxy dynamics and observations

trainte
Liall ito

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

--Galaxy Interactions
--Bars and their pattern speeds
--Different dynamical friction

33



Influence of DM halo

With DM halo Without DM (MOND)

1 |.4 1.7 na 1.5 1.5

e
1
r-—=

[ ]

[
-

34
Tiret & Combes 2007




Bar strength and pattern speed with and w/o DM

0.25 ! ! ! T !

m=]1 ————-
m=2
. DM =
015
i N
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(2t Aaizer Mo tindpen b
0 1 2 3 4 & 7 8
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With DM, the bar appears 0
33

later, and can reform
after the peanut weakening

through halo AM exchange,

= But Qb falls off

Tiret & Combes 2007

Qvar {km.s.'l .kpc'l )

13

10

" MOND
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T
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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

ﬁ.ﬁ .

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




Simulations of the Antennae




Dynamical friction

Analytically, the dynamical friction is 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, a lot of particles acquire E and AM, and DF concept applicable
=>» In MOND, a small number of particles in the outer parts acquire

big quantities (no analytical treatment)

Nipoti et al 2007, Tiret & Combes 2007
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Merger induced starbursts degeneracy

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

g3bzS 20adirdd g5bgSb09ret00

L

MOND: with the same
angular momentum, merger
will require many passages

=13

JFR
4
15 20
| '| ] | B |
—_— ]

10

|
e — A
|||||||||||||||-'

Starburst at each passage when
minimal approach

relative SFR

relalive

b |y - [ ]
" " HJIJ L M 1 it v ;
=» Number of "merger/SB" can AW - W "‘\\;
be eXpIaIned bOth Wa‘ys = 0 | IllEII]EII IECIIZIIDl I'HID'DU 1ﬂi:lil | IllDDIDI IEICI'IDIIJ. Iﬂlﬂﬂﬂ
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Di Matteo et al 2007



Formation of Tidal Dwarf Galaxies

Exchange of AM is within the disk: =»much easier with MOND
to form TDG

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




TDG In N5291 HI ring

Head-on collision simulation

-
’

Bournaud et al 2007




Dynamics of the TDGs

NGC 53291N NGC 52918 NGC 52915W
EFE — 1=537 deg EFE — 1=44 deg
1 LI T LI I LI 1 I LI

EFE — 1=39 deg
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MOND and the dark baryons

Is MOND 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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G40
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Tiret & Combes 08, Milgrom 07 43



Combination with MOND

NGC 1560: fits with 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) ., g ! 1
- - - isothermal (isotropic) ts0 - %%%
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Anisotropy of velocities

B=1-0c%y/c%, -oc, 0, 1 LT

. . . . . 0.5k
B circular, isotropic and radial orbits g

. 0.0

—0.5F "

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

strongly radial, which could explain
the low projected dispersion

(Dekel et al 2005)

—1,.;:..: Ll .
1 .
Radius

10

The observation of the velocity profile is somewhat degenerate
and cannot lead to the dark matter content univocally 46
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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 ~r of NFW (CDM profile)

o, Within 100kpc varies as L%3, quite close to TF relation

In average 2 satellites per galaxy, and 0.2 interlopers

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

M,¢, IN agreement with lensing results
But flat velocity dispersion recovered (as if p ~r?)

48
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Satellites In

SDSS

Klypin &
Prada 2009

Statistical
satellites

Only 1or0

for each galaxy
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Test of the SDSS satellites
2 types of CDM CDM1: NFW cusp
Tiret et al 2007 CDM2: as required by rotation curves
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Asterisk: Lenses

(Hoekstra et al 2002)

--- TF normal
spirals
(Verheijen 2001)

Prada et al (2003)

Tully Fisher Equivalent

IIIIIIIII

v | =R L e D DRk ! .
A-
rs .
7’
o~ 0.25 -
A 4
// /‘,ﬁ';" L -
. /
| /
V4
P s
i / | R
S / y
E _l};i.. E /f/ /f
x I\ !
S /// 3 //
O 100} AT / 2
E // //I ’ ;
wt -7 120kpc  300Kpc
80 f 3 :
» -k f’ E
/ ]
70 | 4 -
- Pl g g gy ooy g gy 1
-19 -20 =21 —-22
M



Large scale structure

In comoving coordinates: r=a x,v=da/dtx +au
2> AD =41 G op
L (@u/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)

O ~ a?, instead of & ~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-t Mpc, assuming Newtonian initial state

=>» For that critical acceleration y varies with time

y=avy0

52



MOND cosmological simulations
Starting z=50, dissipationless matter, 2 low Q2 models + ACDM

Easier to form large masses early Llinares et al 2009
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Evolution with time

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

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

Open question, as is the evolution of Q,




MOND: fit of CMB data, WMAP

Include massive neutrinos 1-2eV Fit with MOND
(no-DM) of

Acoustic peaks
(Skordis et al 2006)

Angular Scale
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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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WMAP-5 + ACBAR

The 3rd peak is not lower (damped) than the 2" peak
There must exists something else: sterile neutrinos,
or other terms in relativistic theory (BSTV)
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Conclusion: Success and Problems
of each model

CDM: great success at large scale, but problems at galaxy scales
WDM: does not solve the cusps, not enough small-scale power
MOND solves the problems of galaxies,

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

=» More tuned SN and AGN feedback, to solve CDM models
Numerical simulations with improved physics, resolution

=>» Lorentz covariant theory, TeVeS (Bekenstein 2004) with
a lot of varieties (GEA, BSTV, k-essence..)

=>» Different metric (BIMOND), still free parameters to explore

Other propositions? Modif of inertia?, non-local? Dipolar DM.”



Acceleration parameter a ~ V#/M,
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