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�x =

�x

�c
; CMB first peak⇥ �tot = 1 (flat); HST h = 0.71± 0.07

⇥
what’s the difference 
between DM and DE?
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- it does not dilute
- does not cluster, it is prob homogeneous
-                 
- pulls the acceleration, FRW eq. 

The cosmic inventory

72%

1%
4%

23%

FAvgQ: what’s the difference 
between DM and DE?

DM behaves like matter

DE behaves like a constant

- overall it dilutes as volume expands
- clusters gravitationally on small scales
-                            (NR matter)

(radiation has                    )

w = P/� ⇥ �1

w = P/� = 0
w = �1/3

ä

a
= �4�GN

3
(1� 3w)⇥
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The cosmic inventory

15%

12%

63%

10%
radiation

baryons

neutrinos

Dark Matter

At the time of CMB formation (380 Ky)



How do we know that 
Dark Matter is out there?
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP Millennium
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Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 
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DM N-body simulations
Aquarius project of the VIRGO coll.:
1.5 109 CDM particles, single galactic halo

[back]VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/

keynote:/Users/mcirelli/Documents/talks%20and%20seminars/31.DMinCR/27.DMinCR.UniverseNet%20School%20Barcelona.key?id=BGSlide-4
keynote:/Users/mcirelli/Documents/talks%20and%20seminars/31.DMinCR/27.DMinCR.UniverseNet%20School%20Barcelona.key?id=BGSlide-4
http://www.mpa-garching.mpg.de/aquarius/
http://www.mpa-garching.mpg.de/aquarius/


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 Mpc

[back]

Of course, you have to 
infer galaxies within the 

DM simulation
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CMB & Large Scale Structure
LSS

LSS matter power spectrum

CMB
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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(in particular: no DM => no 3rd peak!)
(you need DM to gravitationally 
“catalyse” structure formation)

CMB LSS
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MOND? TeVeS?

New physics at low accelerations Mordehai Milgrom

Figure 3: More MOND results for galaxy RCs (from [2]). The solid lines are the MOND curves; the other
curves are based on Newtonian dynamics: for the stellar disc (dots), gas (dash dots), and stellar bulge (long
dashed) contributions.

uncertain. Concentrating on studies that go to large galactic radii of isolated elliptical galaxies,
I mention here the analyses of [48] and [49], who find good agreement with MOND prediction,
in analyses based on planetary-nebulae, or companion-galaxy, probes. Recently, [50] published a
mass analysis of the isolated elliptical NGC 720, based of x-ray-gas hydrostatics. They find that
the mass discrepancy at a radius of 100Kpc is ∼ 10. I note here that this is in very good agreement
with the prediction of MOND: The MOND acceleration there is g(100Kpc)/a0 ≡ x ≈ 0.11, and
the predicted discrepancy is 1/µ(x), which is ≈ 1/x for small x.

3.4 Systems of galaxies

MOND has been tested also on systems of galaxies, for example, on poor galaxy groups, in
[51], and on super clusters; e.g., in [52]. These analyses showed that the very large mass discrep-
ancies shown by these systems disappear in MOND, within the uncertainties.

However, analyses of galaxy clusters, employing x-ray-gas hydrostatics, and gravitational
lensing, shows a persistent, remaining mass discrepancy, even when MOND is used (see e.g.,
[53, 54], and references therein, for earlier findings to this effect, going back to the early 1990s):
The typical mass discrepancy of galaxy clusters within a few megaparces of the center, which by
standard dynamics is of the order of a factor 10, is reduced in MOND to about a factor of two
only. The deduced density distribution of the MOND “phantom” DM is similar to that of galaxies,
and is rather more centrally concentrated than that of the x-ray gas, which makes the lion share
of the baryons. As a result, the remaining mass discrepancy is rather more pronounced near the
centers of the clusters. A more detailed discussion of this remaining discrepancy, and of possible
explanations of it, are reviewed in [55], advocating, specifically, that the discrepancy is due to yet
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Instead of adding matter, modify Newton or GR.
µ(a) =

(
1 a > a0

a/a0 a ⇠ a0
a0 = 1.2 · 10�10m/s2

F = m a F = m a · µ(a) with

fits rotation curves very well

can fit (bullet) cluster if 
adding 2 eV neutrinos...
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The Evidence for DM

How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS

The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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3) CMB+LSS(+SNIa:) 

M.Cirelli and A.Strumia, astro-ph/0607086

WMAP-3yr
ACbar
CBI

Boomerang
DASI
VSA

SDSS,    2dFRGS
LyA Forest Croft
LyA Forest SDSS

ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

(spectra w/o DM)

WMAP Millennium

⌦M ⇡ 0.275± 0.02
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The Evidence for DM
ΩM ! 0.1

ΩM ∼ 0.2 ÷ 0.4

3) CMB+LSS(+SNIa:) 

1) galaxy rotation curves

2) clusters of galaxies

What is the DM??
It consists of a particle.

Permeates galactic haloes.

⌦M ⇡ 0.275± 0.02
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What do we know of the 
particle physics properties of 

Dark Matter?
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- CMB says baryons are 4% max



DM can NOT be:
a baryon of the SM:

neutrinos:

an astro  je ne sais pas quoi:

- neutrons

- gas

- Black Holes 
- brown dwarves

too light!
do not have enough mass to act as gravitational attractors in galaxy collapse

m� � 1 eV

strong 
lensing

- BBN computes the abundance of He in terms
of primordial baryons: 
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max
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Recap: DM factsheet

DM
10-1000 

GeV
proton
1 GeV

How heavy?

DM exists

How dense?

100 GeV

10 GeV

They do not interact
with normal matter

nor with themselves,
they fly freely 
thru matter

They interact a 
little little bit...



How was 
Dark Matter
produced?



A thermal relic 
from the Early Universe

Consider a particle χ:
- subject to 
- ‘heavy’ (e.g. 100 GeV)
- ‘stable’
- in an expanding Universe
- symmetric abundance
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ΩX ≈
6 10−27cm3s−1

〈σannv〉

Boltzmann equation 
in the Early Universe:

WIMP  miracle!

�DM � 0.23 forRelic

⇥�annv⇤ = 3 · 10�26cm3/sec

A thermal relic 
from the Early Universe

��̄ � ff̄ ��̄� ff̄ ��̄ � . . .

�

�̄

f

f̄

gw gw

M

h�annvi ⇡ (g2
w/4⇡)2

M2
⇡ 3 · 10�26cm3/sec

Weak cross section:



How do we search for
Dark Matter?
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DM detection

production at colliders

direct detection

indirect from annihil in galactic halo or center

from annihil in galactic halo or centerp̄

ν, ν̄ from annihil in massive bodies

from annihil in galactic halo or center

Xenon, CDMS (Dama/Libra?)

LHC

PAMELA, ATIC, Fermi

GAPS

Icecube, Km3Net

 from annihil in galactic center or halo
 and from synchrotron emission

Fermi, HESS, radio telescopes
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Xenon, CDMS (Dama/Libra?)

LHC

PAMELA, ATIC, Fermi

GAPS

Icecube, Km3Net

 from annihil in galactic center or halo
 and from synchrotron emission
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M.Boezio (PAMELA coll.) 2008

positron fraction antiprotons

background ?

electrons + positrons

YES: few TeV, leptophilic DM 
with huge 
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PAMELA 08

positron fraction antiprotons

background ?

electrons + positrons

YES:

NO:

few TeV, leptophilic DM 
with huge 

a formidable ‘background’ for future searches
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Conclusions
Dark Matter exists.

(Other than that,)

we have (almost) no clue of what it is, 
but many hints and many ideas.

The ‘era of data’ is now.

It’s most probably a new, unknown particle, 
neutral, very feebly interacting, cold, essentially stable.


