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Strange Situation in tocfay ?ﬁysics

+  Astronomy: Excellent Data without Theory!
Quantum Gravity: Excellent Theory without Datal

What is in the
middle?
Dark Matter & Dark Energy? ——_

T




The content of the universe is, up today, absolutely unknown for

its [argest part. The situation is very “DARK” while the
observations are extremel:y goocﬂ

Components @C the Universe

Free ﬂ-[ycfrogen and
Helium 4%




The Observed Universe Evolution
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Future fates of the dark energy universe Big Rip
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A plethora of theoretical answers!
(A tale of unconstrained fantasy)

DARK MATTER

LN 8 X XXX

l

Neutrinos
WIMPs
Wimpzillas,
Axions,

MOND
MACHOS
Black Holes

Neutralinos

D NI NI NI NN

DARK ENERGY

!

Cosmological Constant
Scalar field Quintessence
Phantom fields
String-Dilaton scalar field
Braneworlds

‘Ung’ﬁ’ed' theories

Buridan’s Donkey dies
qf ﬁunger dégpite so much ﬁw«f



“..there are the ones that invent OCCULT
FLUIDS to understand the Laws of Nature.
They will come to conclusions, but they now run
out into DREAMS and CHIMERAS
neglecting the true constitution of things.....
..however there are those that from the simplest
observation of Nature, they reproduce New

Forces (i.e. New Theories)... ”

From the Preface of PRINCIPIA (11
Edition) 1687 by Tsaac Newton, written by
‘Mr. Roger Cotes



Tﬁere is aﬁmc(amenm[ oluestion:

Are extmga[actic observations and cosmolbgy yroﬁing the
breakdown of General Relativity at large (1R) scales?

yv




’fﬁe]oroﬁfem COM[C[BQ T@V@T’Sé&[

We are able to observe only | Dark Energy and Dark Matter
baryons, radiation, neutrinos as “shortcomings” of GR at IR.
and gravity Results of flawed physics?

The “correct” theo qf gravity could
be reconstructed matcﬁing the (argest
number qf observations at ALL SCALES!

ﬂcce[emtirzg behaviour (DE) and dynamical phenomena (DM)
can be dealt as GEOMETRIC EFFECTS



VYV VYV

Why extending General Relativity?

No fi’na[ evidence for Dark Energy and Dark Matter at funcfamenm[
[evel (L’J-[C, astrojaarticfe' ]oﬁysics, grouncf based experiments, LUX,
XENON, DAMA,...).

The Joroﬁfem can be fmmecf extencﬁ”ng GR at infmrec[ scales.

GR does not work at ultraviolet scales (no Quantum Gravity ).
Several issues in modern ?lstropﬁysics ask for new yamcfi ms.

ETGs as minimal extension of GR consicfem’ng Quantum Fields in

Curved Spaces
Big issue: s it possible to find out probes and test-beds for ETGs?

FROM WHERE?

Geodesic motions around compact oEjects e.g- Syra*

Torsion experiments

’Microgmvity exyeriments from atomic yﬁysics

Violation o fcluimfence CPri’nci}ofe

PROVA REGINA: Further modes from Gravitational Waves!
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Extending General Relativity

ETGs takes into account two main features in the gravitational action

*  Physically motivated scalar fields ;

. ’Hi’ger order curvature (or torsion) invariants

SCALAR-TENSOR, HIGHER ORDER GRAVITY, GALILEON,
HORNDESKL, LOVELOCK, TELEPARALLEL GRAVITY,,....

A. A. Starobinsky, Phys. Lett. Bo1, 99 (1980).

S. Capozziello, Int. Jou. Mod. Phys. D 11, 483 (2002) .

A. De Felice, S Tsufikawa, Living Rev.Rel. 13 (2010) 3
S. ;Z\;zpozziefﬁ), ‘M. De Laurentis, Phys. Rep. 509, 167 (2011).
S. Nofiri, S.D. Odintsov, Phys. Rep. 505, 59 (2011).
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‘Most theories can be reduced to GR +scalar fields by the Lovelock Theorem

Higher dimensions I WEP violations I

Extra fields /

Diff-invar. violations

Dynamical fields
(SEP violations)

Nondynamical fieldsI Massive gravity I Lorentz-violations |

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
gravity n-DBI

Scalar-tensor, Metric f(R) Einstein-Aether TeVeS
Horndeski, galileons Horava-Lifshitz  Bimetric gravity
Quadratic gravity, n-DBI

E. Berti et al. CQG 32 (2015) 243001
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Extending General Relativity

A genem( class qf ﬁ@ﬁer-ordér-sca(ar-tensor theories in ﬁ)ur dimensions is given

by the action

/d4x¢_[ (R,OR,T"R, .. DkR,gb)—%g“”qﬁ;“(p;v-l—ﬁ(m)}

In the metric approach, the field o [ 1
equatwns are obtained by G =G| <IT" + 58" (F=GR)
varying with respect to gy, — g0 _ )G
k i
= G"W is the Einstein tensor + 2305 (8" + g ) ()
and izl =1

X

+ (g
1
2
o=30(s20) XED”BD:)

/TRy O~/ aF ,
90'R ),
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Extending General Relativity

The simplest extension, f(R) gravity , is achieved assuming in the action

CF'=f(£R), €= 0

By varying with respect to g, , we get

: J(R) : /
f (R)Ruv — Tg,uv = V,uvvf (R) — g/w[’f (R)

after some manipulations in GR form

[f(R) = f'(R)R]
2

1 /
Gy = f(R) % f(R) g,uva (R) t 8uv

15



Extending General Relativity

In a yerj%ct:ﬁ'uidl representation

: 1 / / / KTOE;’;) T(m)
Gap = f'(R) !Eg“ﬂ [f(R) —Rf (R)] + 1 (R).ap — gopUf (R)] + — pleurv) 4 ap

f'R) " f(R)

!

In the case of GR, identically vanishes while the iois “:_1 effective 51'7'3;50}
standard, minimal coupling is recovered for the energ%e ensor constructe
matter contribution fgrmts. extra curvature

For AR) = R, standard GR is restored.

S. Capozziello. C.A. Mantica. L.G. Molinari, IJGMMP 2018
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Extending General Relativity

In the same way, one achieves Scalar-Tensor Gravity

F=F(@R—-V(p), e=—1

The variation with respect to g,,, gives the second-order field equations

1 |
F(¢)Guv = F(¢) |:R,uv — iRuv] = _ETI?V - gungF(¢) + F(¢);,uv

The energy-momentum tensor related to the scalar field is

|
Tf = bt = 5 8uvad? + guV ()

The variation with respect to @ provides the Klein-Gordon equation, i.e. the field equation
for the scalar field: 7 7 o ? fildeq

Uep — RFy(¢p) + Vy(¢p) =0
This last equation is equiva&znt to the Bianchi contracted i&ntity .



’Unc[ersmndi’ng at which scales corrections to General
CRefativity could work is a crucial point to conﬁrm or

r U(Q out any 6X1'6116[66[/ moc[ifieJ moofe[
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The weak fleld limit

Assuming gpﬁem’caﬂ'y symmetric metric:
ds®=gsrdx’dx’

= goo (x°, r)dxoz — g, (x°,1dr? -r?dQ,

In a Minkowskian background g, = N,y +hy,

rg”(t,r) ~ 1+g£)(t r)+gt (t r),

, ; gl‘l‘(t)r) _]-+g,(2)(t,r),
‘Metric entries —

g@G(t,”) - =

| oo (L,7) = —r?sin®0,

19



The weak field limit

Assuming Taylor expandable f (R) functions with respect to R =R,

fl’l

R
r(l' D (R-Ro)" = fo+ fiR + foR2 + 3R+ ..

fRY=)

firR® —2figy), +8fRY ~ firgyp,, +4frR® =0,
2 2 2
fer(z) - 2flgi(‘r?r + 8f2R,(r) _flrglgt,)rr = 0,

2
zflgr(‘r) —r
2 2 2 2
AirR? - f1g7), — A, + 4fRY + 4frRE | =0,

firR? +6f [ 2R +rRE)| =0,

In O(2) - order approximation,
the field equations in vacuum,
results to be

A

X

(2) (2) (2) (2)
| 2877 +T [Zg”’,. —rR¥ +2g,7 + rg”’r,.] =0. (33)
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The weak fie(c{ [imit

The general solution:
@ g L S1(De”VE Ba(nerVE
where ¢ - i i 00T H 3T 6(_c)°2r
6/2 v o__ Y, 510yt 1]e~" V¢
Err = fir 3¢r
Sa(0)[Er +/=Fe"VE

For limit f (R) > R, in the case of a - 621
yoint—[i’ﬁe source of mass ‘M, we recover the 2 O 1(t)e"'\/‘_'f 82(1)\/—¢& V¢
weak field limit of GR (R = r - 28T

The two arbitrary ﬁﬁmctions of time 8,(t) and 8,(t ) have respectively the dimensions of

length~ and length™

21



The weak field limit

To match at infinity the Minkowskian r
0 match at infinity inkowskian 26M 61100V

prescription, one can discard the Yukawa | ;452 = [1 ]d £2
growing mode : hr 3¢r
_ -y —=¢
< _[1+2GM_51(t)(r\/ E+1)e "V lart - rtan.
- hr 3¢r

R = 51(t)e_r\/__€.
\ r

Being g = 1+2Pgrav = 1+ g(2),, , the gravitational potential of f (R) gravity is

o __[GM 8ine VT
grav — flr 65’”

The standard Newton }ootentiaf is recovered on[y in the Joarticu(a'r case f (R) =R

The parameters f, , and the function 8, represent the corrections with respect to the
standard Newton potential

S. Capozziello, M. De Laurentis Ann. Phys. 524, 545 (2012) .



The weak field limit

The ¥ parameter is related to f and can be intel'preted' also
an effective mass m? =367 =—2- ‘ as an eﬂ"ective length £
— 37, ngt

o(r) = M (1 +5e—%)
(1+8)r —

The second term is a modiﬁ’cation cf the gmvity incfucﬁ’ng a scale [éngtﬁ

ﬂf 8 = 0 the Newtonian yotentia( and the standard gmvitationa[ couyﬁ’ng are recovered.
)
1+6

Under this assumption, the scale length £ could naturally arise and reproduce
several phenomena that range from Solar System to cosmological scales depending
on the mass and the size of the self-gravitating system

6GM
Assuming 1+8 = f1, 8 is related to 81(t ) through O1=——3

23




The weak field limit

o

Tﬁﬁfame V) = — G’”l’” 2 [+ ae_"/l] « 1s a dimensionless strength parameter

A 1s a length scale or range

.Zbgaerz’me'ﬂm/ bounds
10-1 l I I ] l I l I l I l l I l I I 1010 T LI |||] T |l |l||||| T 1 ||||ll T LA
1072 excluded = i —
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Stellar structures and Jeans instability

» 1t is usually assumed that the dynamics of stellar objects is completely determined by
the Newton law of gravity

e Considering potential corrections in str. leld regimes could be another way to check
the viaﬁilggycf Extended Theories of gmfy 4 7

* In particular, ste((azjystems are an ideal [aboratory to look for signatures of possible
modifications of standard law of gravity

*  Some observed stellar systems are incompatible with the standard models of stellar
structure: star in instability strips, anomalous neutron stars (e.g. PSR 1614-2230),
magnetars. e.g. Astashenok, Capozziello, Odintsov JCAP 1312 (2013) 04o0.

25



Stellar structures and Jeans instability

The pressure contripution is negligible in the field equations qf Newtonian

Q}ZPT oximation R(2)
A D+ 7 + £(0) A R*

modiﬁed Poisson equation

37"(0) A R® + R Xp,
S. Capozziello, M. De Laurentis Ann. Q’ﬁys. 524, 545 (2012)
For f(R) = 0 we have the standard Poisson equation AD = —47Gp
From the Bianchi identity _ 1 (o + & ) m‘f”
2 ax*




Stellar structures and Jeans instability

Assuming a polytropic equation for matter  p = K YpY
we obtain a Lané-Emden integro-differential equation (standard for f(R) =R)

d dwgz ) + 2d LZ(Z) +w(z)" = 7750 ! e dz' 2 { e~molz—2| _ o—méolz+2| } w(z')"
e
i \,\._.."'s..“
?{a;ﬁ’af profiles o)r some values of n o N
olytropic index WY,
p y W " : -‘}.a‘ . \.‘\‘,
Wt 3 A
New solutions are yﬁysica([y relevant Yol R
, St A O\
and could explain exotic systems out of | AN
’ , i oW "~
Main Sequence (magnetars, variable oaf S Y
I ':.. ‘\\\ ."x
stars). [ Y A
I'O\’()' 1 i i i i 1 i i L i 1 i I‘“ i i l\\A\\ i i i I\ l’\ i I i 1
0 [ 2 3 4 8

S. Capozziello, M. De Laurentis, A. Stabile, S.D. Odintsov, PRD 83, 064004, (2011) .



Stellar structures and Jeans instability

The Jeans mass for various types of interstellar molecular clouds changes

1200 F

1000 F
The co((qpse qf an interstellar cloud is qﬂ%cted' cool
in a different way with respect to GR

600 F
400 F

200 F
o:

M/ [Mo]

0 110 210 3‘0 410 5IO 6|O
7/[K]

S. Capozzie[fo, M. De Laurentis 1. De Martino, M. Formisano, S.D. Odintsov

Phys.Rev. D85 (2012) 044022

Subject T(EK) n(10®* m ) u M, (My)

Diffuse hydrogen clouds 50 5.0 1 795.13 559.68
Diffuse molecular clouds 30 50 2 82.63 58.16
Bok globules 10 100 2 11.24 7.91

23



http://inspirehep.net/search%3Fcc=Institutions&p=institution:%2522INFN,%2520Naples%2522&ln=it
http://inspirehep.net/search%3Fcc=Institutions&p=institution:%2522Salamanca%2520U.%2522&ln=it
http://inspirehep.net/search%3Fcc=Institutions&p=institution:%2522Rome%2520U.%2522&ln=it

anc[ruyo[ar gmvitationa[ radiation

The same cygproacﬁ ﬁ)r gmvitationa( radiation

S. Capozziello, M. De Laurentis, Phys. Rep. 509, 167 (2011)

‘M. De Laurentis, S. Ca]oozzie([b, letrqparticﬁe Q’ﬁysics 35, 257 (2011)
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anc[ruyo[ar gmvitationa[ radiation

In vacuum, with suitable gauge, it is RY = Ohy =0

Ny

The Land'au-Lg’ﬁﬁitz gmvitationa[ energy momentum tensor is

OR 1 OR OR OR
LY VS U P S S
f agpa,)\ —4g ¢ gagpa,)\ﬁ Jeo, agpa,){ i f * 89/}0,/\5 Jeo,

A /¢ A I 4 A
[ = [yl [
04 OC¥|GR+fO al]‘(R)

‘M. De Laurentis, S. Ca]oozzie([b, ?lstrqparticﬂa Q’ﬁysics 35, 257 (2011)



anc(ruyo[ar gmvimtiona[ radiation

..in term of the h perturbation, it is

In the weak field [imit, the source hy, is written as function of time t' =t -1, and
plane wave approximation

the energy momentum
tensor assumes the ﬁ)rm:

-

M. De Laurentis, S. Capozziello, Astroparticle Physics 35, 257 (2011)
De Laurentis ‘M., De Martino 1., 2013, MNRAS., doi:10.1093/mnras/stt216 31




anc(ruyo[ar gmvimtiona[ radiation

The average energy flux dE/dt away from the systems and the momenta of the

4

mass-energy distribution
gy

(total)

This could represent a signature to investigate
such theories in the GW strong-field regime.
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94}9]9 [ication to the Einary systems

Assuming Keplerian motion and the orbit in the (x; y)-plane

tﬁe cluad'r upo(e matrix 1s 5 o
Qs — 1 ( cos” 1 siny cosy
Qij = pr~ | 2 ¢

\ sincos

;S‘il’]z

the time average of the radiated power

dE\ 1 /T HAEW) _ 1 /2" dv dE (1) o
at /) TJ)y =~ da TJ), < dt where

— [ =2 ) (1— 62) 2 (1 4 ecosa))?

5 2

G3(me+my)3

P

The time derivative
qf the orbital
yerioJ

£ (R) can be constrained comparing with data
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Application to the binary systems: The PSR 1913 + 16 case

Using the values fbr the specific

PSR 1913 +16

Chacteristic features

examlpﬁz Qf PSR 1 913 + 16 to Pulsar mass m=1.39M,,
p, Companion mass M=1.44M,,
numerwa[@ (A% a[uate tﬁe CIEO'V e Inclination angle sini =0.81
£ Orbit semimajor axis a=8.67 x 10" cm
cquations e e
Gravitational constant G=6.67 x 10 ® dyn cm? g2
Speed of light =299 x 10"’ cms!
5 X 10 | | l | | l | l |
Orbital decay rate for PSR
1913 + 16 in ﬂ’.R)-gmvﬁt}/.

s ’legper [imit set by Taylor et
3 al. in dashed [ine. GR limit
= 3.36 %X 102 in dotted [ine

| and the lower [imit set by

al = dTR) | T a[\/lbr et alf in d'asﬁd'ot (ine

_mliomeann | Solid line is dT fepy

0—3 —2I.8 -21.6 -2I‘4 -ZI.Z —I2 —1I.8 -11.6 -1I.4 -11.2 -1

o x10°

A class of f(R) agrees with data!



Extended Theories qf gravity can impact on DM
‘properties at ga(actic scales




T esting gpim( ga(axies

Yukawa-like corrections are a general feature in the framework of f (R)-gravity

- » i ,- is the staﬁtmg point ﬁJr tﬁe
e potentia O(r) = — (1 +8e” f) computation qf the rotation
(1+0)r
curve qf an extended system.

R.H. Sanders, Astron. Astr ﬁys. 136 (1984) L£21
A. Stabile and S. Capozziello, Phys. Rev. D 87 (2013) 064002
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T esting s_pim[ ga(axies

Using cylindrical coordinates (R0, z) and the corresponding dimensionless
variables (n,0,0) (with { = z/rs ), the total force then reads:

Gpors [

F _
(x) 1+6 Jo

n'dn’ f ag’ fo frN)pn',6',¢hao’

with “p = p/po, po a reference density, we have

1/2
A=[n*+n"-2nn cos@-0")+ (-]
Circular velocity v2(R)
GpoR? o) 00 i1
= 2 [y f pm,hdl’ f fr(Dp)dt’
1+5 0 —00 0

S. Capozziello, M. De Laurentis Ann. Phys. 524, 545 (2012)
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Testing spiral galaxies

The total rotation curve is:

v>(R,Mg,p;)

= vy (R, Ma) + v\ (R, pi) + vy (R, Mg) + v}y, (R, pi)

My is the disc mass, d and h denote disc and halo related quantities, while N and Y
refer to the Newtonian and Yukawa-like contributions

One may model a spiral galaxy as the sum of a thick disc and a spherical halo
without DM contribution.

38



Testing spiral galaxies

ve (km/s)

ve (km/s)

300
250"
200
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100 |
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160f
140
120,
100f
80f
60f

40t

R (kpc)

10

12

14

200 -

50 ;\ L L L L L
0 10 20 30 40 50
R (kpc)
| Perfect co;gruence between

5 theoretical curves and data!

| V.F, Cardone, S. Capozziello MNRAS 414 (2011)1301
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A big issue: can Elliptical and Spiral Galaxies be
addreessed with the same type of DM?




Testing elliptical galaxies

The modified potential can be tested also for elliptical galaxies checking

whether it is able to yrovidé a reasonable match with their kinematics.

e Such se’lf-gmvitating systems are ve different with respect to .yn’ml} S0
ad'd?essing both classes qf o@’ects under the same standard could be a
ﬂMamntaf step versus DM

One may construct equi(iﬁrium models based on the solution [Qf the radial
Jeans equation to interpret the kinematics of planetary nebulae

We use the inner ﬁmg slit data and the extended y[anetary nebulae kinematics
for three ga(axies within DM halo fmmeworﬁ
(see Napolitano, Capozziello, Capaccioli, Romanowski ApJ 748 (2012) 87).

NGC 3379 , (DL +09) , NGC 4494 N +09 , NGC 4374 (N + 11).
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Te esting e(ﬁ’}atica[ ga[axies

500 e

400

Circular vetbcity as a function qf the yotentiaf
parameters L and 8 for NGC 4494 and NGC 4374.

From a theoretical point of view, 8 is a free parameter
that can assume positive and negative values.

Comparing results for spirals and ellipticals, it is clear
that the momﬁolbgy of these two classes qf systems

strictly depends on the sign and the value of 8.

Veire (kmy/s)

Vire (kmy/s)

0 100 200 300 400 500 600 700 800
r [arcsec|

Figure 6 Circular velocity produced by the modified potential for
the two galaxies N4494 (top) and N4374 (bottom). In both cases
the M/, has been fixed to some fiducial value (as expected
from stellar population models and Kroupa 2001 IMF): M/ %, =
4.3Y, p for NGC 4494 and M/ £, =5.5Y  y for NGC 4374. The
potential parameters adopted are: L = 250" and =0, -0.65, -0.8,

-0.9 (lighter to darker solid lines) and L = 180" and 6=-0.8 (dashed

lines). The dotted line is a case with positive coefficient of the
Yukawa-like term and L = 5000” which illustrates that positive
& cannot produce flat circular velocity curves. Finally some refer-
ence Navarro-Frenk-White (NFW) models are showrt s dot-dashed
lines [108].



Testing elliptical galaxies

The match of the model curves with data is remarkably good and it is comparable with
models obtained with DM modeling (gray lines)

N3379

2

dispersion
S

2

aal Al o o o o & o . o . & .

A aun 4

0 ’ :::::::::::::::::
.1k
z . i
5 P HHS e - - - —|IN7 1T = = -
c:‘ <> -
-2 '
0 100 200 300 o0 200 300 0 00 =00 30 ——
Radius [arcsec] Radius [arcsec] Radius [arcsec]

Figure 7 Dispersion in kms (top) and kurtosis (bottom) fit of indistinguishable from the anisotropic case). From the left, NGC
the galaxy sample for the different f(R) parameter sets: the 4494, NGC 3379 and NGC 4374 are shown with DM models as gray
anisotropic solution (solid lines) is compared with the isotropic lines from N+09, DL+09 (no kurtosis is provided), and N+31 respec-
case (dashed line — for NGC 4374 and NGC 4494 this is almost tively [108].



T esting e((i}atica( ga[axies

The marﬂinaﬁ’zed' conﬁ’&nce contours qf the main two
potential parameters fbr the three considered e(ﬁ,’ptica(
galhxies

L [kpc]

0.5p
0.0p
The results can have interesting implications on the Y
ccgaaﬁiﬁ’[t:y of the theory of making predictions on the /
internal structure of the gravitating systems after their e .
p -0.9 -0.8 -0.7

spherical collapse. However, this possibility has to be : 5
confirmed on larger galaxy samples

Figure 8 Top: 1- and 2-0° confidence levels in the § — L space
marginalized over M/ %, and B (see also Table 4). Spiral galaxy re-
sults from [105] are shown as empty triangle with error bars. Solid
(dashed) curve shows the tentative best-fit to the data including
(excluding) the spiral galaxies and assuming a L ox v/0/(1+0).
Bottom: the anisotropy and the § parameters turn out to be corre-
lated for the elliptical sample (full squares). This correlation seems
toinclude also the spiral sample cumulatively shown as the empty
triangle (here we have assumed f = —1.0+ 0.5 as a fiducial value
for spiral galaxies to draw a semi-quantitative trendacross galaxy
types) [108].
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fMoc[e[ing clusters of gafaxies

A ﬂnfamnta( issue is related to clusters and suyercﬁtsters qf ga(axies.

These systems rule the (arge scale structure and are the intermediate step
between ga(axies and cosmotbgy.

As galaxies, they ?gpear DM dominated but the distribution of DM
component seems clustered and organized in a very different way with
respect to galaxies. It seems that DM cthste:?g is governed by the scale
and also its fundamental nature could depend on the scale

The goa( is to reconstruct the cluster mass yrqﬁtks without DM ad'gm’ng the
above strategy where DM gﬂ%cts are figured' out Ey corrections to the
Newton yotentia[
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Standard Cluster ‘Model: syﬁerical' mass distribution in ﬁycﬁ'osmtic equifiﬁrium

- Boltzmann equation: e, %ilr) |ginpgely) , enti)
dr — pmpr dinr dinr
1 = _GM
or) = —
- Newton classical approach: < r
Pel.EC(T) = Pdark + Pgas(T) + Pgat(T) + pcDgal(T)
.
r —
e 3GM I _
é(r) = —= (1 + e f)
' r I
- f(R) approach: 2
pet,EC(T) = pgas(T) + pgat(7) + pcDgai(T)
\.

- Rearranging the Boltzmann equation:

a7 4 ET(r dIn pgaslr) dInT(r) da; ,dPo
on(r) = —3(.,‘.\[ Mpartn(1) = ~al [_ ‘.")'7'( nF;g -." + — 7)] - 'al'r-cd-( (r)
N\T) Ao1h 3 pmpyG dlny dInz 3G 7
GM e T )
; P &y (‘ / f \ f \
bo) =~ S22 | Maarose(r) = Moas(r) + Moai () + Mopga(r) .
- \




‘Moafe[ing clusters of ga(axies

Fitting mass Profile with data:
- Sample: 12 clusters from Chandra (Vikhlinin 2005, 2006)

- Q'émyerature profile from spectroscopy

a [ — e : 2
- Gas density: modified beta-model  n, = n2. /Te) _ 1 g

(l _ .’,2/‘,.5)33—0/2 (l + ,r",‘/,rs.' )e;", (1 + 7,2/,,,32)3;32

-3

: Pgal,1 - [1 + (}; )2] } r< He /)O‘J

- Galaxy density: ~ peai(r) = —28 PCDgal = 2 ) 2
Y Aensty — (=) (i42)

e

Table 1. Column 1: Cluster name. Column2: Richness. Column 2: cluster total mass. Column 3: gas mass.

Column 4: galaxy mass. Column 5: cD-galaxy mass. All mass values are estimated at r = ryaes. Column 6
ratio of total galaxy mass to gas mass. Column 7: minimum radius. Column 8: maximum radius.

name R My ~n Mas M gar M.pgai g(‘:i Toin  Tmaz
(Mg) (Mo) (Mg) (Mo) (kpe)  (kpe)
A133 0 4.35874-10'  2.73866 - 1013  5.20269 - 1012 1.10568 - 1012  0.23 86 1060
A262 0  4.45081-1013  2.76659 - 1012 1.71305-10'! 5.16382-1012 0.25 61 316
A383 2 2.79785-.10%  2.82467-10'3  5.88048 -10'2  1.09217-10'2 0.25 52 751
AA4T8 2  8.51832-10'% 1.05583.10% 2.15567-10% 1.67513-1012 0.22 59 1580
A907 1 4.87657-10  6.38070-10'% 1.34129-10'% 1.66533-10'2 0.24 563 1226
A1413 3 1.00598 - 101%  9.32466 - 1013  2.30728 - 1013  1.67345-10'2 0.26 57 1506
A1795 2 1.24313-10%  1.00530- 1013  4.23211-10'2 1.93957-1012 0.11 79 1151
A1991 1 1.24313-10'  1.00530-10'%  1.24608 -10'2  1.08241-10'2 0.23 55 618
A2029 2 8.02392-1014  1.24120-10  3.21543-1013 1.11921-10!2 0.27 62 1771
A2390 1 2.09710-10'%  2.15726-10'%  4.91580-10'  1.12141-10'2 0.23 83 1984
MKW4 - 4.69503-10'% 2.83207-10'2 1.71153-10'! 5.20855 10!  0.25 60 434
RXJ1159 -  8.97997-10%  4.33256-10'2  7.34414-10'! 5.38799.10'' 0.29 64 568 48




fMocfe[ing clusters of ga(axies

l .\: l |:J L d 1 1 1 1 1 l' % 1 1 1 1 1
100 150 200 300 500 700 1000 50 100 200 500 1000
r (kpc) r (kpc)
- Differences between theoretical and observed fit less than 5%

- Typical scale in [100; 150] kpc range where is a turning-point:

¢ Break in the ﬁydi’ostatic equi(iﬁn’um

+ Limits in the expansion series of f(R): R—Ro << — intherange [19;200] kpc

a2

Proper gravitational scale (as for galaxies, see Capozziello et al MINRAS 2007)

+ Similar issues in ‘Metric-Skew-Tensor-Gravity (Brownstein, 2006): we have better
and more detailed approach o



‘Mocfe[ing clusters cf ga(axies

Results
| —
name aq [a1 — 1o, a1 + 14] a9 [az — 1a, az + 1a] [L — 1o, L + 10]
(kpe?) (kpe?) (kpe)

A133
A262
A383
A 4TS
A907
Al413
A1795
A1991
A2029
A2390
MKW4
RXJ1159

0.085
0.065
0.099
0.117
0.129
0.115
0.093
0.074
0.129
0.149
0.054
0.043

[0.078, 0.091]
[0.061, 0.071]
[0.093, 0.108]
[0.114, 0.122]
[0.125, 0.136]
[0.110, 0.119]
[0.084, 0.103]
[0.072, 0.081]
[0.123, 0.134]
[0.146, 0.152]
[0.049, 0.060]
[0.047, 0.052]

[-2.38 - 104, —1.38 . 103]
[-57.65, —3.17]
—4.10-10%, —3.14 - 102]

=
[~1.01-10%, —2.51 - 107
[—1.54-10%, —2.83.10%]
[—4.26 - 105, —3.46 - 104]
[—1.01-10%, —2.49 - 10?]
[-3.42- 102, —13]
[-7.95-10%, —8.44 . 10%]
[-5.71 - 10°, —4.46 - 107)
[-1.15-102, —8.13]
[—1.35 - 10%, —4.18]

591.78
31.40
234.13
484.83
517.30

2224.57

315.44
64.00
988.85
7490.80
51.31

47.7:

[323.34, 1259.50]
[17.28, T1.10]
[142.10, 478.06]

[363.29, 7

07.73]

[368.84, 825.00]
[1365.40, 4681.21]
[133.31, 769.17]
[32.63, 159.40]

[637.

71, 1890.07]

[4245.74, 15715.60]
[30.44, 110.68]
[22.86, 125.96]
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‘Moa[e[ing clusters of ga(axies

Results: expectations

- First derivative, a, : very well constrained - It scales with the system size
3GM I _
- Newtonian limit:  &(r) = — (1 + =€ 'f') Y a, >3/4
daqr 3
1 -0 L 'q "q L 'q I'q ll"

06} ' sz = .
i 5 g

__..f | : ]
02} . | ¢
| m ; ]
0.0 ; | - | g o o 3

'10-23 1072 10-1€ 10-10 10~ 100
Pass ( kgm’ )

-

>
oaf |
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‘Moa[e(ing clusters of ga(axies

Cluster of Galaxies: a; = 0.16 - L = 1000 kpc

g)oinl. [iée’pol'ent'ia& Galaxies: a; = 0.4 - L = 100 kpc
Solar System: a; = 0.75 - L = 1 kpc

Newton Limit: a; = 0.75 - L = 0 kpc

potential

0
o 2 0 B
! Clusters
Galaxies
~40 Solar system i
Newton g
60 o
_go Hi !
_100 L - N L S S S S T S G
0.0 0.2 0.4 0.6 0.8 1.0 .



‘Moafe[ing clusters of ga(axies

- Gravitational length: | _ ;. a2) = (_ 6az ) 1/2 Strong characterization of

= Gravitational potential

< L>, = 318kpe < az >p= —3.40 - 10"
- Mean length: o . | .
< L >y = 2738 kpe < as >Mm= —4.15-10

- Strongly related to virial mass | { ‘
(the same for gas mass): i { {m { '
- Strongly related to average g, foes

temperature: :

y | :
il\}g) }r‘-'.??
.M'si:l‘.’gl
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Cosmo[ogy is the main arena where
Dark Side can be confronted with ETGs




Cosmogm}oﬁy

GR based models vs f(R) gravity

— How canwe discriminate?

Agreement with Data... D

No a priori dynamical model = Model Independent Approach;
Friedmann - Robertson - Walker metric;

Expansion series qf the scale factor with respect to cosmic time:

a(t) : [0

. i
l(t‘)=1—l—H0(z‘—t0) —HZ(t—t,) +J;H§’(t ta)® + H*(t to)? +5 Hg(t —t0)°+ O[(t—t0)®
( 0
1d% 1 ld% 1 y_ldlal . ldal
qit) = a dt2 H? )(t) = a dt’ H3 N T adtt HY Y adtd HS
Deceleration ~ Jerk Snap Lerk

/-

error on dg(z) less than 10% up toz =1

Expansion up to fifth order : -

error on W(z) less than 3% uptoz=2
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Cosmography with f(R)-gravity

- Definitions: py, _Lda o Adal o Adal o ddia 1
ﬁ = adt’ q(t) = Cadt? H?' i(t) = adt3 H3 ° ) = a dtt H4' 1t) =
- Derivatives qf H(t): Y H=—-H*1+q)

H=H3j+3¢+2)

d*H/dt® = H*[s — 4j — 3q(q +4) — 6]

_ 1d%°a 1
a dt> H5

d*H/dt* = H* [l — 5s + 10(q + 2)j + 30(q + 2)q + 24]

- Derivatives of scalar curvature: - Ro = —6H3 (1 — o)

Ry = —6Hg(jo — go — 2)
R= —6(H + 2H?)

d°Ro/dt® = —6H, [lo — so + 2(q0 + 4)jo — 6(3q0 + 8)qo,— 24]



Cosmography with f(R) gravity

- 15t Friedmann eq. : ”(3) = 11'(2,(_1‘,, n J(Ry) — R()f’(ko) B 6”0R0f"(R0)’

- f(Ry) 6f'(Rp)
- 2 Friedmann eq: s 3[!3(2,., . 1&'(3)‘['"( Ry) + (Ry — HyRy) f(R,)
v 21 (Ry) 21 (Ry)

- Derivative qf 2nd Friedmann eq. :

R2f"(R) + (R — HR) f"(R) + 3H3Qma™®  R*f0")(R) + (3RR — HR?) f"(R)
2[R (R)] (R ) 2f'(R)
(R/df* — HR + HR) f"(R) — 9H2Q ) Ha™®
2f'(R)
- Constraint from gravitational constant:

SOR - & s . . . "
H- = 3f’(R)lp"' < F pcm.\.f (R)] ‘ (’eff(: — 0) =G — f (R()) = 1.

57

H =




Cosmography with f(R) gravity

- Final solutions: f(Ro) B Polqo, jo. so, o) + Qolgo. Jo. So, lo)
GH(;: IR‘((ID-J'Os S0, ZU)
f'(Ro) =1
["(Ro) _ _'Pz(flo-]'o_- so) v + Q2(qo0, Jos So)
(6H2)™ R (g0, Jo, S0, lo)
f7(Ro) — Pa(qo, Jo. 0. lo) 2y + Lslgo, Jo, So, lo)
(6HZ) ™ (o — 90 — 2)R(qo, Jo, S0, lo)

- Taylor expansion f{R)in series of Rup to third order (higher not necessary)

- Linear equations in f(R) and derivatives

- Qg is model dependent: Qy = 0.041
(IM = ().250. o8



f(R) gravity and CPL model

“Precision cosmolbgy” Values qf cosmogrcyaﬁic parameters?

-
Cosmogrqpﬁic parameters

Dark energy parameters = equivalent f(R)

CPL Wrocwﬁ: w=wo+w,(l —a)=wy;+w,z(1+ 2) !

(Chevallier, Polarski, Linder)
4 1

3
’Il_i=3 Ell —()\1)’“'

3
Jo=1+ 3(1 — Q) [Bwo(1 4 wo) + w,]

. T 33 A 9 | s ‘
Cosmogrqpﬁw so = —3 T'l Qg w, — I” — Q1) [9 + (7T — Qag)wa) wo +
) 9 . -
]oarameters. < | 1( 1 — Q) (16 — 3w F 1 — Q) (3 — Qur)wy
) 1 =0 1— () ’
b = —+ ”[) 13 + (7 — Qap)wy) w, +( M) 489 4 9(82 — 2101 Jwq) wy +

9
i) 3(1—&’\, (n—)l”u+ ()3—11”\1)

81 IRY? :
+ (1= Qar)(3 — 20 Juig

\ 2

.
g + T” — Q) (47 — 240 )uf +
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CPL Cosmography and f(R): the ACDM Model

ACDM model:  (wq, w,) = (—1.0)

1 3 , . 9 27
G=5—5; Jo=1, so=1-50 =143 \1+—$2

f(iR()) = Ro + 2A, f”(R()) — f”’(,R()) = (),

ACDM fits well many data > cosmographic values strictly depend on Oy
[ 64 — GQ:\[(OQ;\{ + 8) G g
20 = To7ac =N =01 O2 16 " o7
do = ‘](J’)\ % (1 + 8([)- j() = J(,‘)\ % (1 25 Sj)' [3(0&2;\1 -+ 1'4)32;\] — 55()] S.Z‘.\[ - 16 21
so=sdxX(1+e), lh=K1X(1+eg) R (8162 — 110)Qy + 402y +16 <

07 (39 + T4)y — 556 3, + 16 T 24303,
< o =~ 0.15 x ¢ for Oy = 0.041
‘ PR/ | | £ \ 4
o = [ (Ro)/ f(Ro)x Hy o =~ —0.12 X ¢ for Qa = 0.250
nso = f"(Ro)/f(Ro)x HS ao =~ 4 X & for Qy = 0.041

\ a0 >~ —0.18 x 2 for €y = 0.25060



Constraining f(R) models by Cosmography

1,

2.

- Procedure; < ;

_#
- eg. Double Power-Law:

r_/‘(R()) S R()(l + (YR(’; + ,BR()
f(Rg) =1+ a(n + 1)R}
{ f"(Ry) = an(n + 1)RE™! +

& — Bm{m + 1)(m

"l:n Y l”l "l,.(] d)ﬂa"'RQ,

_f'"(R()) = anln + 1)n — I)R(’; 2

Estimate ( cl(o), J (0), 5(0), (o)) observationally

Compute f(Ro), f (Ro), f “ (Ro), f ”(Ro)
Solve for f(R) parameters from derivatives
Constrain f(R) models

f(R) = R(1 + aR" + BR™™)

a = ,]' Z(l
m) ’
. B(”’ e ])R() " B SRl n m

LYR;"

—£9R?,

R) "[14+m+(ds3/d;)Ry)

nln+ 1M n+m)

Bm{m — I)R()ll m) '
q = 22k LM (25/ @,
e ])R()Q‘-m). {ﬁ = d)‘.’R.;’"[l ".(d’fs-"d’z’Ro]

mll=mln+m)

@Ry 1 +m+ (5 /PRy )
min+ 1 m=1)1~dq/Rq

daRol1 =n+(hs/d2)Rq |

_J
~
—-— m= —[1—n+(d3/d>)R,]
) = 1 — < . _l[] N R \/N(l,b() b», b3)
1" g, Ro(1 + do/Ro)



Constraining f(R) models by Cosmography

- Cosmographic parameters from SNela: | — _090+ 065 j, =27+ 67,

What we have to expect from data 5o = 365529, I, = 1427+ 320,
1L
(
- Fisher information matrix method: Fi; = <-—>
' d0;00 ;
(

2
Y Nsnera | Hobs(2i) — phin(2n, Ho, P) |

5

-FM ingred'ients: < dr (%) Z'D%-‘:Jr'D}J 2,24_/[_)% ::3—1—"[.7}3; ALt

. 2
o) < R,
olz) = JO;\‘S - (~ ) a;,
~max

\.

. dg dg
(T2 + ZZ - : = - ("‘l'[‘

- Estimating error on g i | T
' U3 &M



- Survey: Davis (2007)

aﬂ/aﬂ/l =10% O-{y.f =015 >

Nsbsa = 2000, 6, = 033

Zpy = 1.7 y

- Snap [ike survey:
O3y =1% ;6 =015 .

Nenizs = 2000 ;6 ,, = 0.02

Zpy = 1.7 )

- Adeal PanSTARRS survey:\

Oy 42, =0.1%, Oy = 015

-

MM@ = 60000,0,=0.02
_/

0,=038

0,=281

.04 =74.0

/
o,=008
0,=10

0,=48

<

/
0,=002

0,=02

0,=09

\0-4 :2¢7

/
<
N~
/
0., = 0.007
0 ;, = 0.008
N~
/
0,, = 0.0015
0, = 0.0016
N~

SC et al. Phys. Rev. D 78 (2008) 063504



Conclusions (DM)

In principle, corrections to the Newtonian potential can affect gravity at
any scale.

Exotic stellar structures could be compatible with ETGs

Orbital period of binary systems are in agreement with f(R)-gravity
Search for EXPERIMENT UM CRUCIS via GWs

Rotation curves of galaxies can be naturally reproduced, without huge
amounts of DM

The baryonic Tully- Fisher relation has a natural explanation in the
framework of AR theories.

Haloes of elliptical galaxies are reproduced by the same mechanism..
Good evidences also for galaxy clusters

In this perspective, gravity is not a scale-invariant interaction.
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Conclusions (DE)

Dark Side of the Universe can be accounted by ETGs without exotic fluids but
only by geometry
»  Following Starobinsky, R can be considered a “geometric” scalar field.

Comfortable results are obtained by matching the theory with data (SNeda,
BAO, CMBR... PLANCK does not exclude f(R) gravity).

Generic quintessential and DE models can be easily “mimicked” by AR)
Main role of Cosmography.

A comprehensive cosmological model from early to late epochs should be
achieved Ey ﬂﬂ) see eg. S. ‘J\@’iri, S.D. Odintsov, ‘.Pﬁys. Rep. 505, 59 (2011).



Perspectives and Open Issues  ~ DE & DM as curvature gﬁ%cts

N

> ’Matcﬁing DE models

> Jordan Frame and Einstein Frame

» Systematic studies of rotation curves for gafaxies
> ga[axy cluster c[ynamics (virial theorem, SZE, etc.)
» Luminosit ymfiﬁes of alaxies .

> Faber-TJackson & T uﬂg-ﬂ-‘isﬁe’r, Bullet Cluster

~_

» Systematic studies of PPN formaﬁsm
) > Relativistic fxyerimenm[ Tests
Weak Fields, GW, > Gravitational waves and fensing
Further results > Bi’rﬁﬁoﬁf ‘s Theorem

> Torsion

WORK in PROGRESS!  (suggestions are welcome!)
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