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The Standard Cosmology: 
Basic Ingredients

• 5% Ordinary Matter

• 25% Dark Matter

• 70% Dark Energy

• Gravity described by Einstein’s General Relativity
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Tegmark

The linear power 
spectrum depends 

crucially on the 
existence of dark 

matter gravity over four 
orders of magnitude!
Otherwise power at 

small scales is damped! 

Dark Matter gravitational field is crucial to explain a 
whole range of cosmological observations!

ΛCDM

NO DM

The need of dark matter is 
overwhelming! 
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So is it proved dark matter exists? 

• Not so fast...

• There is a crucial assumption in our Standard 
Cosmological Model

•Gravity is described by Einstein General Relativity! 

•Hence, gravity is fine... but not the mass!

•What if that is not the case... ?

•What if is the other way around... ?

•What if the mass is fine but not the gravity law?
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• One has never observed directly Dark Matter! 

• We infer Dark Matter from the behaviour of 
ordinary matter in a gravitational field

• So... Is it possible that there is no dark stuff, but 
Einstein’s General Relativity does not work at 
certain scales? 

• Recall: Newtonian gravity breaks down at certain scales

• Recall: Einstein gravity breaks down at high energy scales 

•Moreover dark matter has its own problems! 

Why Modified Gravity as an alternative to 
Dark Matter?
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Alternative to Dark Matter:
Non-relativistic gravity theories

Definition of Newtonian potential :

Definition of Poisson potential :

simplest theory : Newtonian gravity 
Newton’s Constant

matter density

!a = −∇ΦN

∇2ΦP = 4πGNρ

ΦP = ΦN

• Milgrom(1984) noticed Dark Mater is only needed 
to explain galaxy rotation curves once Newtonian 
accelerations due to gravity are very small

Recall that:
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Milgrom postulates :

recover Newton

Modified Newton

with Poisson equation 

MOdified Newtonian Dynamics (MOND) 

∇2ΦP = 4πGNρ

f(x) = 1 x! 1

f(x) = x x! 1

f(
|a|
a0

)!a = −∇ΦN

ΦP = ΦNNow Imposing

Does MOND works?



MOND Successes!



MOND Successes!

• Fits to rotation curves are generally 
very good

• Mass-Luminosity (Tully-Fisher) 
relation is automatic, unlike CDM

• No problem with cusps 

• Even works well for low surface 
brightness galaxies (purportedly 
with lots of CDM )

Sanders & McGaugh 02
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MOND Problems

• Empirical: MOND should apply to motions of galaxy 
clusters. But fits are off by factors of 2-10 

• With massive neutrinos in the cluster core temperature 
profiles of x-ray clusters can be fit (Sanders 03; Pointecouteau&Silk 05)

• Theoretical: MOdified Newtonian Dynamics. Depends on 
Newtonian notions! Without a  relativistic formulation, 
one  cannot do with confidence:

• Gravitational waves: Binary Pulsar

• Expansion history: Friedmann equation, BBN

• Cosmological Structure: CMB, LSS

• Gravitational lensing: Cluster mass consistency
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Einstein type metric : Action for           is Einstein-
Hilbert.  ( analogue of                            ) 

One can use two metrics :

Universal matter metric : matter follows geodesics 
of            ( analogue of                     )

NEW field : 

 

Relativistic (Geometrical) MOND 

Conformal transformations preserve angles
(Does not work: Not enough gravitational lensing!)

φ
g̃µν = e2φgµν

Need a relation between them (               )  

!a = −∇ΦN

∇2ΦP = 4πGNρ
g̃µν

gµν
gµν

g̃µν

ΦP = ΦN

Simplest is a conformal transformation:  
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Bekenstein Relativistic MOND

• TeVeS is a theory where gravity is mediated by a tensor 
field       , a timelike vector field      , and a scalar field 

NEW scalar field : NEW vector field :

Relate metrics with a disformal relation: 

Both gravitational lensing and galaxy 
observations are well explained!

• It has a well defined MOND and Newtonian Limit
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Lagrangian for TeVeS

Gravity:

Lagrange multiplier
Sg =

1
16πG

∫
d4x

√
−g̃R̃

SA = − 1
32πG

∫
d4x

√
−g̃

[
KFαβFαβ − 2λ(AµAµ + 1)

]

Ss = − 1
16πG

∫
d4x

√
−g̃ [µ (g̃µν −AµAν) φ,µφ,ν + V (µ)]

Free Functionnon-dynamical scalar field

Matter

Constant

Fµν = ∇̃µAν − ∇̃νAµ
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Field equations : Constraints

•Timelike constraint on the vector field

• Constraint on 

invert to get 

Required by lensingg̃µνAµAν = −1

(g̃µν −AµAν)∇̃µφ∇̃νφ = −dV

dµ
µ

µ = µ(g̃µν , Aµ,φ)

V ′(µ) = −V0
µ2

(1−µ/µ0)
f(µ)

f(µ) =
∑

n cn(µ/µ0 − 2)n

MOND limit

Newtonian limit

Cosmology

•  Constraint on the Free Function V



Could TeVeS explain present days cosmological 
observations?!

WMAP

SDSS



TeVeS Background Evolution

• Friedmann equation is basically unaltered 

•   save for a small time dependence for 

• The vector field does not contribute to the 
background expansion 

•    presents tracking behaviour. Since it must be 
small during BBN, it will be nowadays 

• So, expansion basically ‘normal’!

H2 = 8πG(ρφ + ρb)/3

G = G0e
−2φ
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Background and the free Function V

V ′(µ) = −V0
µ2

(1−µ/µ0)
f(µ)

f(µ) =
∑

n cn(µ/µ0 − 2)n

c2 != 0, c
−1 != 0, c

−2 != 0

c2 != 0
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Background and the free Function V

V ′(µ) = −V0
µ2

(1−µ/µ0)
f(µ)

f(µ) =
∑

n cn(µ/µ0 − 2)n

c2 != 0, c1 != 0, c0 != 0

c2 != 0, c
−1 != 0, c

−2 != 0

c2 != 0

Bourliot,Ferreira,Mota&Skordis 06
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TeVeS and the CMBR anisotropies

Skordis,Mota,Ferreira&Bohem 06

Without any dark matter: Hopeless!

With massive neutrinos (m~2eV): fine!

ΛCDMTeV eS + Λ

TeV eS + Λ + ν

(3rd peak is 
very low: 

problems with 
WMAP 3)

Data is WMAP 1st year



But why don’t we see small 
scale damping?

GR + Λ

GR + Λ + CDM
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How could cosmic structure form 
without dark matter?

Gravitational Potential in General Relativity:

2k2Φ̃ ≈ −8πGa2(ρbδb + ρCDMδcdm) + ...

Gravitational Potential in TeVeS:

2k2Φ̃ ≈ −8πGa2ρ̄

{

δ + 3(1 + w)
ḃ

b
θ − 2ϕ

}

+ 2e4φ̄ ḃ

b
k2(1 − e−4φ̄)α + ...

• Perturbations in vector field,   support 
gravitational potential through recombination!

Dodelson&Ligouri 06
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Depending on the parameters, vector 
perturbations can grow sourcing 

gravitational potentials 

ΛCDM

TeVeS

growing mode
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Λ
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Is it possible to have a high third peak 
within TeVeS?

However needs: 
Massive Neutrinos

Isocurvature perturbations

YES!!!
Black line is ΛCDM

All the others are TeVeS

BUT:
No good Ho
No good P(k)

Work in progress 
Mota,Ferreira,Skordis&Zhao 
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Matter Distribution in a Cluster
• Clusters with NO dark matter: 

• 90% ordinary matter is in X-ray plasma

• 10% ordinary matter is in galaxies

• Peak Gravitational field on X-RAY PLASMA

• Clusters with Dark Matter

• 90% matter is in galaxies

• 10% matter is in X-ray plasma

• Peak Gravitational field on GALAXIES

• During a merger of two clusters:

• galaxies behave as collisionless particles

• X-ray plasma experiences pressure (slow down with respect to galaxies)

• Galaxies spatially decouple from plasma!
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Lensing convergence map in Bullet cluster 

Green contours: lensing 
convergence k (Map of the 

gravitational field! )

Newtonian gravity: 
k proportional to mass density 

=> Most Mass in Galaxies 
(Dark Matter!)

x-ray plasma offset from 
gravitational field peaks
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Can Modified Gravities explain Bullet? 

• yes!

• Features in lensing converging map in Modified 
gravity do not always reflect features in underlying 
matter surface density (Angus,Famaey&Zhao 06, Moffat 06)

• Convergence can be non zero where there is no 
projected matter (Zhao,Bacon,Taylor&Horne 06 ; Zhao&Qin 06, Moffat 06, Bekenstein 06)

• Bullet Cluster observations explained within 
Modified Gravities

• MOND(TeVeS): With Massive Neutrinos (Angus,Shan,Zhao&Famaey 06)

• MOG: No dark matter at all! (Brownstein&Moffat 07)
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Poisson-like equation:

µ(x) = 1 − [ 1+αx

2
+

√

( 1−αx

2
)2 + x]−1

, x = |∇Φ|
a0

(Angus,Famaey&Zhao 06)

Gravitational potential peaks do not necessarily coincide 
with matter  location! Depend on           especially if this is 

rapidly varying with position inside the system

∇.(µ(|∇Φ|/a0)∇Φ) = 4πGρ GM(r)
r2 =

∫ sin(θ)dθdψ
4π

∂Φ(r,θ,ψ)
∂r

µ(x)

µ(x)

MOND: What you see (in terms of lensing convergence/
gravitational potential) is not what you get (in terms of density)
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Conclusions

• Models of Modified Gravity are interesting alternatives to 
the Dark Sector

• Interestingly Modified Gravity may have potential to 
substitute both Dark Matter and Dark Energy/Inflation

• However, to explain observations need very massive 
neutrinos!

• Presently, best way to rule them out is to bound neutrino 
masses bellow 1 eV 

• Modified Gravity models are young, complex and are not 
fully explored 


