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DE and DM from the Observations

- Universe evolution is characterized by different phases of
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DE and DM from the Observations
COMPOSITION OF THE UNIVERSE

TYPICAL PARTICLE NUMBER OF PROBABLE
REPRESENTATIVE MASS OR ENEREY PARTICLES IN CONTRIBUTIONTD  SAMPLE
MATERIAL PARTICLES (ELECTRONVOLTS)  OBSERVED UNIVERSE MASS OF UNIVERSE  EVIDENCE
Ordinary Protons, - 105t010° 1o . 5% ' Direct observation,
[*baryonic™] | electrons ' f : i inference from
matter - : : . element abundances
Radiation Cosmic 3 10%° Microwave
microwave telescope
background observations
photons
Hot dark - Neutrinos s 1 10% : 033 | Neutrino measure-
matter ' : , ments, inference from
Cold dark Supersymmetric  10'* ¢ Inference from
matter particles? galaxy dynamics
Darkenergy @ “Scalar” 10 10 "' | Supernova
. particles? . [assuming dark § : | observations of
- ENErgy COMprises i accelerated cosmic
. particles) - expansion

Unknown!!



Dark Matter sector

The presence of Dark Matter components has been revealed
since 1933 by Zwicky as a lack in the mass content of galaxy
clusters. The most peculiar effect of Dark Matter is the

discover of a non-decaying velocity of rotation curves of
galaxies

Rotational Velocity (in km's)

Radial Distance (in thousands of light years)



Dark Energy sector

The presence of a Dark Energy component has been proposed after
the results of SNela observations (HZT [Riess et al. (1998)]-SCP
[Perlmutter et al. (1998)] collaborations).
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Main observational evidences for Dark Energy
After 1998, more and more data have been obtained confirming this result.
CMB(WMAP)
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Physical Effects of DE and DM

DE and DM affect the expansion rate of the Universe:

. marl s
H* =
3
Hi{z)? = Hi Qa1 + 274

ﬂxﬂﬂ][ﬁﬁz (1 +wi(r))din(l + x}]

(par + px)

DE and DM may also interact: long-range forces, new laws of gravity?



Key Issues

1 Are there Dark Energy and Dark Matter?
Will the SNe and other results hold up?

J What is the nature of the DE and DM?

Is 1t A, supersymmetric particles, or something else?

d How do w = p,/py and DM evolve?
DE and DM dynamics, A theory, exotic particles..



.....Resume....
A plethora of theoretical answers!

DARK MATTER DARK ENERGY
l i
. Neutrinos > Cosmological constant
. WIMP > Scalar field Quintessence
y Wimpzillas, Axions, the » Phantom fields
“particle forest”..... > String-Dilaton scalar field
- MOND > Braneworlds
< MACHOS > Unified theories

v Black Holes



Incremental Exploration of the Unknown
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but there 1s a fundamental issue:

Are extragalactic observations and cosmology probing the
breakdown of General Relativity at large (IR) scales?
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The problem could be reversed

We are able to observe and test Dark Energy and Dark Matter

only baryons and gravity as “shortcomings” of GR.
Results of flawed physics!

The “correct” theory of gravity could
be derived by matching the largest
number of observations at ALL SCALES!

Accelerating behaviour (DE) and dynamical phenomena (DM)
as CURVATURE EFFECTS



Higher Order Theories of Gravity

+ GQGeneralization of the
Hilbert-Einstein action to
a generic (unknown) {(R)
theory of gravity

A [ d*2y/=g [F(R) + Limatter
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Theoretical motivations and features:

Quantization on curved space-time needs higher-order invariants
corrections to the Hilbert-Einstein Action.

These corrections are also predicted by several unification schemes as
String/M-theory, Kaluza-Klein, etc.

A generic action 1s A = f d*z/—g [F (R,OR,O°R,...0"R) + L,,]

We can consider only fourth order terms f(R) which give the main
contributions at large scales.

This scheme allows to obtain an “Einstein” two fluid model in which
one component has a geometric origin

1
Gﬁg ng — E‘gmg R T{i’fﬂ“r” | T (matter)

Cury ]' ]-
T ]:m{gﬂﬁﬂ F(B) = Rf'(R)| + F'(R)* (gangsw - Hnﬁgw)}




> R?- Gravity — Inflationary Scenarios (1.e. R’Ln R ) [Starobinsky,
Mukhanov et al. 1980, 1982...] — good agreement with quantum primordial
perturbations (COBE) [Hwang & Noh, 2001]

> One-loop f(R) and Minisuperspace Approach [Cognola & Zerbini 2004]

> One-loop f(R) and de Sitter Universes [Cognola, Elizalde, Nojiri, Odintsov,
Zerbini 2005]

> R”n — Gravity as Dark Matter source (LSB rotation curves, Effective
DM halos, Pointlike Lensing Phenomenology) [SC, Cardone, Troisi, 2006]

>  R™m+R"(-m) — Gravity describing both Inflationary and Dark Energy
scenar10s [Odinstov, Nojiri 2004,2005]

> R+f(R) — Gravity — Dark Energy [Carroll et al. 2003] - Matter
perturbations growth (f(R)= A Exp(B R)) [Peng, 2006]

>/ as an eigenvalue of f(R) —gravity Hamiltonian constraint
[SC, Garattini 2007]

> The role of torsion in f(R) as an effective scalar field
[SC, Cianci, Stornaiolo, Vignolo 2007]

> f(R) 1n tetrad-affine formulation. Relations between Palatini and Metric
formulations [SC, Cianci, Stornaiolo, Vignolo 2007]



The theoretical building:

Fourth order field equations

1 m
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Dark Energy as a curvature effect

Starting from the above considerations, it 1s possible
to write a curvature pressure and a curvature
energy density in the FRW metric (curvature EoS)

]
P{cu r) f H

{ ( )Rf (R) 1 Rf'(R) R RI——|f|R| Rf"’iRill}

Rf'(R)+ B[ Rf(R) — Hf'(R)]

l [ N (AN |
Jﬂ[furz:j m {E |f| R.I — Rf I_R,|| — (E) Rf I.R.I} Weure = —1 + :

L[f(R)— Rf'(R)] — 3HRf"(R)

As a simple choice, we can assume a power law
function for f(R) and for the scale factor a(?)

FR) = fol",  a() = a0 (1)

to




Matching with data

SNela data [SC, Cardone, Carloni, Troisi 2003,2004,2005,2006]

The test with the SNela data has been done considering the so called

“distance modulus” ;) = 510 I:‘i; di(2) + 25
0
comparing its theoretical estimate with the observed one.

The luminosity distance d:(z) 1s defined 1n relation to the considered
cosmological model. In our case, it is

c_¢ (1+2)[(142)77 1]

dLIiE.HD?ﬂ-) — Eﬂ' 1
0o —

The analysis 1s performed minimizing the | |~ [;fheor (2| Hy, n) — pot)?
X (HD-”':' — Z UQ -—I—Ug |

o,

Range Hist kms T Mpc ) | nbest Y
—100<n<1/21-v3)| 65 —0.73 | 1.003
1/2(1 —v/3) <n < 1/2 63 —0.36 | 1.160
12<n<l1 100 0.78 | 318.07
1 <n<1/2(1 +3) 62 1.36 | 1.182
1/2(1++3) <n <3 65 1.45 | 1.003
3<n <100 70 100 [ 1.418




f(R) solutions fitted against SNela
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Very promising results in metric and Palatini approaches!
We used GOODS survey (S.C., Cardone, Francaviglia 2006)




R”™n — Gravity as Dark Energy source (SNela fitted with n=3.42 (No
DM), n= 3.52 (with DM)) [SC, Cardone, Troisi 2006]
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The Age test

The age of the universe can be theoretically calculated if one 1s capable of
measuring the Hubble parameter. We have:

[ = (_EHE AR 1) H-!
n— 2

For the experimental value, we have considered both data coming from
globular cluster observations and WMAP measurements of CMBR
(this last estimate 1s very precise 13.7 £ 0.02 Gyr) [sc, Cardone, Troisi 2005]

Result - A fourth order theory f(R) = foR"™ 1s able to fit SNela
data and WMAP age prediction within these ranges

Range AH(kms TMpc 1) An o

. - - » P - =i )

—100 < n < 1/21 — 3] alh — b —U4oll < n < 0370 | < 0
/=l Vo) =

/201 =3 <n<1/2 o7 — G4 —034h <n< 0220 >0

| <n < 1/2(1 3 ot — Tl << 1360 [ =0
= V) =

/201 +v3) < n <2 nd — TN [.a66 < n < 1LAT6 | <

f (R) theories (extensions of Einstein Gravity) seem in good agreement
with DARK ENERGY!



Inverse scattering procedure: observational H(z) gives f(R)
[SC, Cardone, Troisi 2005]

From field equations

dH

-

1

m{3H§szm(1+z)3+.f”(ﬁ)ﬁ SR 1R R

-3
Pm = QﬂJ,O Perit A

\ J

Y

Fourth order equation for a(t)

Considering the relation between R and H (FRW-metric) and changing time
variabile  with redshift z, we get a third order differential equation for H(z)
and, as a direct consequence, for f(z)

R=—6|2H? - (1+z)H—

dH
dz

d ) .
+ Ha(z )d—f = —3H7M0(1+ 2)°

dBf ()di)]c
dz? dz?

Hs(2)

with #; functions defined 1n term of R(H(z),z) and 1its z derivatives




Two level approach:

1) H(z) can be inferred by observations and phenomenological
considerations. 2) One can deal with the Hubble flow of a certain

cosmological model and deduce the corresponding f(R)-gravity
model capable of providing the same cosmic dynamics.

[n(—f) =l In(=R)]* [1 + In(—R)]" + L

Q-essence,

(I1,12.13,14) = (2.6693,0.5950, 0.0719, —3.0099)

Chaplygin,

(11,19, I3, 14) = (1.9814,0.5558, 0.2665, —2.5337)

Unified Model Exponential Quintessence
(‘d) 4 l+ l—I—Z O—ecx l+ l—I—Z A f?
PAZ) = 1+ 2 1+ | V(p) ocexp(—y/5¢)
fr ., B[ J_ R .31 N 'R (R\* (RN’ N
TR = Lo2x o [1 + (_mu < () ‘ FR) ~ 0. fo (?ﬂ) l1+ [rn (R—o) . (R—o) }m (Ra)]
., B) = (1.07.0.029, 0.810, 0.232, 0.2 '
0.6 (5)0_53) . 111(£)] (Nes 110, s, B) = (1.07,0.029,0.810, 0.232, 0.221)
R Ro




H(z) 1s inferred from cosmological data. The goal 1s numerically
finding f(z) and then back tranforming this thanks to z=z(R) in f(R). A
similar approach can be pursued using also deceleration, snap and jerk

parameters.
 d¢ 6(1 + 2)°D]/(2)
L) ')y 51O R RGNS A EY:
_ D" Op = R 2(}'2 + IR 2(}'2 R Er;}'z
If (60.01,8,) = (D, Dy, D) R 96y | " |06, ! 06, | °

o: corresponding uncertainties 1

XAR A = ‘ 30,0
R (l + :)§| - 8[]

Polinomial fit, H(z) = HE,\/QMI-* + A + Ayx + Ayx® where (1+z) = x

6(1 + 2)°
[6p — (1 +2)8,])°

Tp —

2
+ o5

2_|_ ‘ 3(1 + :ngﬂ'| ‘2
6o — (1 +2)6,




Can f(R)-theories reproduce also Dark
Matter dynamics?

8

Main research interests:

1) Galactic dynamics (rotation curves of spiral galaxies)
2) DM 1n the Ellipticals
3) Galaxy cluster dynamics

1

The problem: we search for f (R)-solutions capable of fitting consistently
the data. A nice feature could be that the same f(R) — theory
works for Dark Energy (very large, unclustered scales) and Dark Matter
(small and clustered scales).




DM in the galaxies as a curvature effect

Theoretical issues

Spiral galaxies are 1deal candidates to test DM models. In particular, LSB
galaxies are DM-dominated so that fitting their rotation curves
WITHOUT DM is a good test for any alternative gravity theory

A further test is trying to fit Milky Way rotation curve WITHOUT DM. In
this case, the approach could be problematic

In general, 1s it possible to define an effective dark matter halo induced by
cuvature effects?

What about baryonic Tully-Fischer relation without DM?




DM as a curvature effect

Let us consider again: f ( R) _ fORn

»In the low energy limit, the spacetime metric can be written as

ds” = A(r)dt’ — B(r)dr* —r°dCY’

A = 1 i 2D(r)
» A physically motivated hypothesis is (r)= B(r) =1 e
, B
» An exact solution is |P(r) = wf:n [1 - (TL) ]

B 12n° — Tn — 1 — \/36n* + 12n3 — 83n2 + 50n + 1

with | 3
| 6n2 —4n + 2

» For n=1, = 0. The approach is consistent with GR!



[

; G'm Y\
» The pointlike rotation curve is vi(r) = 5 {1 + (1 =5) (r_) }

» The galaxy can be modeled considering a thin disk and a bulge
component.

» The potential can be splitted in a Newtonian and a correction part

D) =0, (1) + 0, () =22 1 (7

v
» Integration can be performed considering a spherical symmetry for the

bulge and a cylindrical symmetry for the disk.

7 27 +z .
CDZ.(?,Z)=J?’df'jd¢fdz'p(7',z')r”" ni:{‘l =N
0 0 -z p(n) 1=c
, . Y i LOD,
» The rotation curve is given by v. 2F)=7 i
circ af";-f o




DM in LSB galaxies as a curvature effect: results of fits

on a sample of 15 galaxies [sample from de Blok, Bosma 2002]

Id 3 log r, fa T, 2/dof | Opme
UGC 1230 [ 0.83 £ 0.02 1 -0.39 4+ 0.09 | 0.15 4+ 0.01 15.9 4+ 0.5 E'.UTI__.-";-?‘:’ .96
UGC 1281 [ 0.38 £ 0.01 | -3.93 £ 080 [ 0.65 £ 0.08 [ 0.64 £ 0.33 fﬂ.—Lt’?I__.-";E'l 1.05
UGC 3137 [ 0.72 £ 0.03 | -1.86 4 0.06 | 0.65 4+ 0.02 0.8 4+ (.9 —R‘f.'ll__.-";E'U 1.81
UGC 3371 [0.78 £ 0.05 | -1.85 & 0.01 | 0.41 4+ 0.01 3.3 4+ 0.2 []'.—L.P_'?I__.-";lf‘.r 1.30
UGC 4173 1094 +£0.02 ] -097 4022 0.34 & 0.01 | 9.37 £ 0.04 [}.1‘7'_.-""1[} (.52
UGC 4325 [ 0.79 £ 0.07 | -2.85 & 0.44 | 0.70 4 0.02 | 0.50 £ 0.05 0.09/ 131 1.19
NGC 2366 [0.96 £0.14 [ -058 £ 042 [ 0.64 £ 0.01 [ 145 £ 0.9 28.6/ 251 1.10

[C 2233 0.42 £ 0.01 [ -3.50 &£ 0.05 | 0.64 = 0.01 | 1.29 &+ 0.06 U.l_.,.-"?f 2.10
NGC 3274 [0.71 £ 0.03]-2.30 £ 0.19 [ 0.55 £ 0.03 23+ 0.3 17.6, /20| 2.7
NGC 4395 [0.13 £ 002 [-3.68 &£ 031 10.14 &£ 0.01 7.6+ 0.3 37. T__.-r} 1.40
NGC 4455 | 0.87T +£ 0.05 i_._}_-:' + 0.07 | 0.83 £ 0.01 | 0.42 £ 0.04 | 3.3/ "7 1.12
NGC 5023 | 0.81 + 0.02 DHd 4+ 0051053 0021091 & 0.06 ?_'?.'.1)_.,.-""3[]' 2.5(0)
DDO 185 0.92 4+ 0.10 j.—r 0.3 0.90 £ 0.03 1 0.21 £ 0.07 5.[}3;_.-";5 .81
DDO 189 0.54 4+ 0.08 | -2.40 £ 0.61 | 0.63 4+ 0.04 4.2 4+ 0.7 [}.44;_.-";-?‘3’ 1.O8

UGC 10310 [ 072 £ 0.04 | -1.87 £ 0.04 | 0.59 4+ 0.02 | 1.39 £+ 0.04 Q.U[}I__.-";l.'ﬂ 1.02

Table 1. Best fit values of the model parameters from minimizing 12{&, log re. fg). We

also report the value of T,. the

\2_.-"'}1"”_]'" for the best fit parameters (with dof = N — 3

and N the number of datapoints) and the root mean square ., of the fit residuals,

Frrors on the fitting parameters and the M /L ratio are estimated through the jacknife

method hence do not take ito account parameter degeneracies.
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No DARK component has been used!




Further evidences by Frigerio Martins & Salucci (2007) which used the following sample:

Table 1. Properties of our sample. From left to right, the columns
read: name of the galaxy, adopted distance in Mpc, disk scale
length in kpc, B-band luminosity in L« , total gas mass in 10% M,
Hubble type as reported in the HyperLeda database. The galaxies
are ordered from top to the bottom with increasing luminosity.

Galary D Rp Lp Mgas Type
DDO 47 4 05 51x107 2.2 IB

ESO 116-G12 15 1.7 3.5 x 10? 21 SBcd

NGC 7339 18 1.5 4.5 x 10° 6.2 SABb
ESO 287-G13 36 3.3 1.7 x 1010 14 Shc
NGC 1090 36 3.4 2.1 x 10 100 Shc
UGC 8017 103 2.1 2.3 x 1010 - Sab
M 31 0.8 4.5 2.6 x 10 - Sh
UGC 11455 75 5.3 4.9 x 1010 - Sc

UGC 10981 155 54 5.9x 10Y - Shc
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Best-fit curves superimposed to the data for the sample of 9 galaxies. The solid line is the best-fit mass model,

dotted and dashed lines are the Newtonian and correction contributions. Below RCs are plotted the residuals

(Vobs-Vmodel).



At this point, 1t 1s worth wondering whether a link can be found
between Fourth Order Gravity and the standard approach, based on
effective dark matter haloes, since both approaches fit equally well
the data

Considering tf (r) = tf\(r) + ’tfﬂ_}w(-‘r) due to modified gravity

and iE (r) = "i-’i(-z-;;s;;(T) + "i"g_DM (7)  due to effective DM halo

being t'}in\I(T) — (;J[D”(}')/}'
Mpas() = 285307271 = AR = Ty(n, B)

Equating the two expressions, we get

. > e
where |1= i";'fﬁd- Yo =Tl and Io(n, B) = /D Foln, 0, )R> Pof T dnf
this means that the mass profile of an effective spherically
symmetric DM halo, which provides corrected disk rotation curves,

can be reproduced. For :5 — .80 + 0.08 | Burkert models are
exactly reproduced! [Burkert 1995]




Baryonic Tully-Fisher relation

From Virial theorem:  V,;. = G M./ Ry

5—33

13 18
) + ' 5] .
(3/ 47?01%}1-Q.m,pc.r,_z-_ﬁ) 1 Rdz I

LT

25-6(1 — 5)@ — To(Viir, 0)

where M ,; oc V¢ is the disk mass. For |3 = 0.80 4= 0.08

vLr

empirical baryonic Tully-Fisher relation is reproduced!

[SC, Cardone, Troisi 2006, 2007]



In summary: Dark Matter dynamics can be
reproduced by f(R)-gravity

Results:
1) Galactic dynamics (rotation curves of LSB spiral galaxies)
2) Milky Way rotation curve
3) Burkert haloes
4) Baryonic Tully-Fisher relation

§

Further issues: HSB galaxies, Elliptical galaxies, Clusters.
A nice feature, as said, could be that the same f(R) — theory
works for Dark Energy (very large scales, unclustered) and
Dark Matter (small and medium scales, clustered structures)




Last issue: Parametrized Post-Newtonian limit

Considering the post-Newtonian approximation of the metric
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One can attempt to evaluate deviations from Newtonian gravity (and
then GR) via astrophysical experiments or ground based tests
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Mercury Perihelion Shift 298N — BEPN — 1] <=3 X 107
Lunar Laser Ranging 4B — YN —3 = —(0.7 = 1) X 107
Very Long Baseline Interferometry [yEPN — 1| =4 x 107

Cassini spacecraft yEPN — 1 = (2.1 £ 2.3) X 107>

GR prescriptions: y =1, f=1!!!




Parametrized Post-Newtonian limit of fourth order gravity
inspired by scalar-tensor gravity

Exploiting the fourth order gravity - scalar tensor gravity analogy,
the previous PPN formalism can be generalized to f(R) Lagrangians

The PPN parameters are recovered through R dependent quantities
via the relations

PPN _ | — I f'(R)-f"(R)  dyg™

R  42f'(R)+ 3f"(R? dg

(S.C., Troisi 2005)



Considering the above definitions of PPN parameters as two
differential equations and recasting B in terms of y, one obtains the

general solution
R.‘B 0 l ’ 1 — Y
2V 2y =1

-which is a cubic function where deviations with respect to GR
emerge if y is different from 1. NOTE: FOR y=1, GR IS RESTORED!

R?2 1+ R+ A

-if y fulfils the condition |y-1|<107(4) given by the experimental
bounds, deviations from GR are possible inside Solar System and
could be tested by ground based experiments!

(SC, Stabile, Troisi 2006)



Summarizing the results

> Higher Order Curvature Theories give solutions consistent with

Dark Energy dynamics in metric and Palatini approaches [sc (2002,

SC, Cardone, Troisi (2003, 2004), Allemandi, Borowiec, Francaviglia (2004,2005), Nojiri, Odintsov
(2004,2005), Multamaki, Vilja (2005, 2006)].

» Solutions agree with SNela e WMAP data (distance measurements)
[ SC, Cardone, Troisi (2003,2004), S.C., Cardone, Francaviglia (2006)].

»Good agreement also with lookback time methods (time
measurements) [SC, Cardone, Funaro, Andreon (2004)]
» Cosmological constant and f(R) [sc, Garattini 2007)]

»f(R)- dynamical systems and stability analysis
[Carloni, SC, Dunsby, Troisi (2005)]

»Rotation curves of LSB galaxies [sc, Cardone, Troisi (2006)]
»Baryonic Tully-Fisher, Burkert haloes [sc, Cardone, Troisi (2006)]
> Gravitational Lensing in f(R) gravity [sc, Cardone, Troisi (2006)]

> Room for f(R) in Solar System? [SC, Troisi (2005), Allemandi, Francaviglia,
Ruggiero, Tartaglia (2005)]

>GW and f(R) [SC, Corda, De Laurentis, Francaviglia (2006)]
»f(R) and torsion fields [sc, Cianci, Stornaiolo, Vignolo (2007)]




Conclusions (1)

Higher Order Gravity seems a viable approach to describe the Dark Side of
the Universe. It 1s based on a straightforward generalization of Einstein
Gravity and does not account for exotic fluids, fine-tuning problems or
unknown scalar fields (R can be considered a “geometric” scalar field!).

Comfortable results are obtained by matching the theory with data (SNela,
Radio-galaxies, Age of the Universe, CMBR).

Transient dust-like Friedman solutions (LSS) evolving in de Sitter- like
expansion (DE) at late times are particularly interesting.

Generic quintessential and DE models can be easily “mimicked” by f(R)
through an inverse scattering procedure where H(z) 1s phenomenologically
given by observations. Deatailed models can be achieved using also
deceleration, jerk and snap parameters.

Conformal transformations should be carefully considered (it seems that
physical solutions in Jordan Frame match the data).

A comprehensive cosmological model from early to late epochs should be
achieved by f(R). LSS issues have to be carefully addressed.



Conclusions (2)

Rotation curves of galaxies can be naturally reproduced, without
huge amounts of DM, thanks to the corrections to the Newton
potential, which come out in the low energy limit.

The baryonic Tully- Fisher relation has a natural explanation in
the framework of f(R) theories.

Effective haloes of spiral galaxies are reproduced by the same
mechanism. Also in this case, no need of DM.

Good evidences also for galaxy clusters (work in progress)

The PPN limit of these models falls into the experimental bounds
of Solar System experiments. It seems that there 1s room for
alternative theories also at small scales. Final answer from VLBI?



Perspectives:

Weak Fields, GW,
Further results

—

DE & DM as curvature effects

|

» Matching other DE models

»Jordan Frame and Einstein Frame

» Systematic studies of rotation curves for other galaxies
» Galaxy cluster dynamics (virial theorem, SZE, etc.)

» Luminosity profiles of galaxies in f(R).
»Faber-Jackson & Tully-Fisher

|

» Systematic studies of PPN formalism
» Relativistic Experimental Tests in f(R)
» Gravitational waves and lensing

» Birkhoff ‘s Theorem in f (R)-gravity
»> f(R) with torsion

WORK in PROGRESS! (suggestions are welcome!)




Ending with a joke: Dark Matter in the Lab!

....and if, after spending all this money,

no further particles remain to discover?
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