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General Relativity
(y=p=1)
e GR has survived all tests so far...

[C. Will, gr-qc/0510072; S. Turyshev, M. Shao, K. Nordtvedt, gr-qc/0601035]
[O.B., J. Paramos, S. Turyshev, gr-qc/0602016]

 Parametrized Post-Newtonian Formalism (U-gravitational potential, v velocity)

o =—1+2U-2BU"+..., g; =(1+2/U)0, +..., g, = —%(47/ +3)V, +...
 Local (solar system) tests
Mercury’s perihelion shift: \2;/ - - 1‘ <3%107 [Shapiro 1990]
Lunar Laser Ranging: 48 -y —3 = (4.4+4.5)x107* [Williams, Turyshev, Boggs 2004]
LBLI light deflection: 7 -1 <4x10™ [Eubanks et al. 1997]

Cassini Experiment: y-1=(2.1£2.3)x107 [Bertotti, less, Tortora 2003]



Cassini-Huygens Radiometric Experiment

B. Bertotti, L. less and P. Tortora, Nature 425 (2003) 374




Summary of the General Relativity Tests
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Partially confirmed predictions:

Gravitational waves — PSR B1913+16
(LIGO, ..., LISA)

Lense-Thirring Effect
(Gravity Probe-B)
19% Accuracy - May 2011

3 NS
=

BepiColombo Mission to Mercury (ESA/ISAS)

2 <10—9 A}/
J, 4

<2.5%x107° A/f <5x107°

A7 <2x107,;, =-1- B +2y
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Cosmological Tests of General Relativity

Outstanding challenges (GR + Quantum Field Theory)
— Singularity Problem
— Cosmological Constant Problem
— Underlying particle physics theory for Inflation

Theory provides in the context of the Big Bang model an impressive
picture of the history of the Universe

— Nucleosynthesis (N, <4, QBh2 =0.023+0.001)

— Cosmic Microwave Background Radiation

— Large Scale Structure

— Gravitational lensing

Required entities (missing links):
— Dark Matter
— Dark Energy



Dark Matter

 Evidence:

Flatness of the rotation curve of galaxies

Large scale structure

Gravitational lensing

N-body simulations and comparison with observations
Merging galaxy cluster 1E 0657-56

Massive Clusters Collision Cl 0024+17

Dark core of the cluster A520

« Cold Dark Matter (CDM) Model

Weakly interacting non-relativistic massive particle at decoupling

« Candidates:

Neutralinos (SUSY WIMPS), axions, scalar fields, self-interacting scalar
particles (adamastor particle), etc.



Merging Galaxy Cluster 1E 0657-56
[Clowe et al., astro-ph/0608407]

“Bullet” Cluster



Massive Clusters Collision Cl 0024+17
[Jee et al., astro-ph/0705.2171]

Ring-like dark matter structure



Dark core of the Abell 520
[Mahdavi et al., 0706.3048(astro-ph)]

s

* =

Collisional dark matter ?



Self-Interacting Dark Matter

[Spergel, Steinhardt 2000]

Motivation: “cuspy core” problem

1 5 1, . ) p
Model: L = 5(8“@)2 — §m§.—)gb2 — %@4 + g'vd*h

Higgs decay width

mp

115 GeV

—1 .
D(h — 66) = 5.23 ( ) g% GeV

[Bento, O.B., Rosenfeld, Teodoro 2000]
[Silveira, Zee 1988]
[Bento, O.B., Rosenfeld 2001]

Unified model for dark energy — dark matter: g'(IDZH2
[O.B., Rosenfeld 2008]
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FIG. 2. Contour of Qsh* = 0.3 as a function of my, (in
GeV) and ¢', for my = 0.5 GeV (top), 1.0, 1.5 and 2 GeV
(bottom).

[Bento, O.B., Rosenfeld 2001]



Dark Energy

Evidence:

Dimming of type la Supernovae with z > 0.35 .

Accelerated expansion (negative deceleration parameter): ¢, = —% <-0.47
a

[Perimutter et al. 1998; Riess et al. 1998, ...]

Homogeneous and isotropic expanding geometry
Driven by the vacuum energy density 2, and matter density £,

Equation of state: P = @Wp w=l1

1
Friedmann and Raychaudhuri equations imply: =—QLBw+1)Q2 -Q
qO 2 m A

g, < 0 suggests an invisible smooth energy distribution

Candidates:

Cosmological constant, quintessence, more complex equations of state,
etc.



Hg

Supernova Legacy Survey (SNLS)

[Astier et al., astro-ph/0510447]

(Q,Q,)=(0.26,0.74)
..... (QmQ,)=(1.00,0.00)
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WMAP 3 Year Results

D.N. Spergel et al., astro-ph/0603449
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WMAP 3 Year Results

D.N. Spergel et al., astro-ph/0603449
ACDM Model
WMAP+ WMAP+ WMAP+ WMAP + WMAP+
SDSS LRG SNLS SN Gold CFHTLS
Parameter
100,72 [ 2.23370002 T 224270002 T 9 93370000 T 5 997 T0.000 T 9 95510002
Q. h? 0.13297 00022 | 0.13371 00061 | 0.1295700025 | 0.1349750025 | 0.140810 0025
h 0.700+0020 (70010016 | (79350021 | 7010020 | 67 +0.016
A 0.813 10643 0.81610 05 0.808 5051 0.827 064 0.846 15 0ie
T 0.0797%029 | 0.0827002% | 0.085109% | 0. )70+38§§ 0.088+9-02¢
N, 0.948 613 0.951 0014 0.9501 0015 0.946 0518 0.9531 0010
O3 0.772F0-36 0.781 0042 0.758 005 0.784 -5 0.826 0522
Qe 0.26610020 0.267 005 0.2490 031 0.276 1002 0.299 001
WMAP 3 +SNLS: w = —0.977004
) = £ ( L 0 _l. D 020 (‘) ard /
bl — — ) —0.016 QLA — 012 1 UU—l




WMAP 5 Year Results

E. Komatsu et al., 0803.0547 [astro-ph]

SUMMARY OF THE COSMOLOGICAL PARAMETERS OF ACDM MODEL AND THE CORRESPONDING 68% INTERVALS

Class Parameter WMAP 5-year ML*  WMAP+BAO+SN ML~ WMAP 5-year Mean? WMAP+BAO-+SN Mean

Primary 1002 k> 2.268 2.263 2.273 4 0.062 2.265 4 0.059
Qch? 0.1081 0.1136 0.1099 + 0.0062 0.1143 =+ 0.0034
Qa 0.751 0.724 0.742 4 0.030 0.721 4 0.015
ng 0.961 0.961 0.96310-01% 0.9601 0013
T 0.089 0.080 0.087 4+ 0.017 0.084 4+ 0.016
AZ (ko®) 2.41 x 107° 2.42 x 107° (2.41 £0.11) x 1077 (2.45710-092) x 10~9

Derived o3 0.787 0.811 0.796 £ 0.036 0.817 + 0.026
Hy 72.4 km/s/Mpc 70.3 km/s/Mpc 71.9“:3:? km/s/Mpc 70.1 + 1.3 km/s/Mpc
Q 0.0432 0.0458 0.0441 + 0.0030 0.0462 =+ 0.0015
Qe 0.206 0.230 0.214 4+ 0.027 0.233 4 0.013
Qmh? 0.1308 0.1363 0.1326 + 0.0063 0.1369 =+ 0.0037
Zreion 11.2 10.5 11.0+ 1.4 10.8 + 1.4
to9 13.69 Gyr 13.69 + 0.13 Gyr 13.73 £ 0.12 Gyr

13.72 Gyr



SUMMARY OF THE 95% CONFIDENCE LIMITS ON DEVIATIONS FROM THE SIMPLE (FLAT, GAUSSIAN, ADIABATIC,
POWER-LAW ) ACDMN MODEL

Section Name Tyvpe WA P S5-vear WAMAP+BAO4SN

5 3.2 Gravitational Wave® No RHunning Ind. r < 0.43% o= 0.20

5 3.1.3 RHunning Index Mo Grav. Wave —0.090 < dng/dInk = 0.019¢ —0.0728 < dng/dIlnk < 0.0087

§ 3.4 Curvatured —0.063 < Q2 =< 0.017¢ —0.0175 = £ = 0.0085F

Clurvature RHadius®? FPositive Cuarwv. Reurv = 12 .F?,_lec Feurv = 23 .F?,_lec'

Negative Curv. Reurv = 23 h_lec Feurv = 33 h_lec

§ 3.5 Gaussianity Local —9 < flege! < 111k N/A
Equilateral —151 < fal < 253 N/A

5 3.6 Adiabaticity Axion g < 0.167 ey < 0.067k
Curvaton v = 0.011° 1 = 00,0037

g4 Parity Viclation Chern-Simons™ —5.9° < Ao = 2,47 N/A

55 Dark Energy Constant w® —1.37 < 1 + w =< 0.327 —0.11 = 1 + w = 0.14
Evolving wi{=z)? N/A —0.38 < 1 4+ wp << 0.147

6.1 Neutrino MassS ST =< 1.3 eVE ST = 0061 eV

§ 6.2 Neutrino Species Nog = 2.37 Neogg = 4.4 £ 1.5% (68%%)

2In the form of the tensor-to-scalar ratio, r, at k = 0.002 Mpc—1!

"Dunkley et al. (2008)

“Dunkley et al. (2008)

'ilf(:?onstunt::l dark energy equation of state allowed to vary (w = —1)

“With the HST prior, Hop = 72 £ 8 km /s/Mpe. For w = —1, —0.052 < 2 = 0.013 (95% CL)
For w = —1, —0.0181 < €2 < 0.0071 (95% CL)

S Reury = (c/Ho) /] = 3/ h—1Gpc

hCleaned VAW map with lpax = 500 and the KQ75 mask, after the point source correction
iCleaned V4+W map with sy = 700 and the K75 mask, after the point source correction
iDunkley et al. {2008)

EFIn terms of the adiabaticity deviation parameter, 5&;’:} = /o /3 (Eq. [39]), the axion-like dark matter and photons
are found to obey the adiabatic relation (Eq. [36]) to 8.6%.
Dunkley et al. (2008)

MIn terms of the adiabaticity deviation parameter, ELEZ’:] = +/a /3 (Eq. [39]), the curvaton-like dark matter and photons
are found to obey the adiabatic relation (Eq. [36]) to 2.0%.

"For an interaction of the form given by (¢/M)FagF ®?, the polarization rotation angle is Aca = M —1 [ %r:r

“For spatially curved universes ({15 = 0)

MAith the HST prior, Hgp = 72 £ 8 ki /s/Mpc

For a flat universe ({1 = 0)

Twn = wiz = 0)

S5 e = 94(02uh2) eV

"Dunkley et al. (2008)

“For w = —1. For w & —1, 3wy < 0.66 eV (959 CL)

"Dunkley et al. (2008)

"With the HST prior, Ho = 72 £ 8 km/s/Mpc. The 95% limit is 1.9 < Neg < 7.8



Dark Energy -- Dark Matter

“Quintessential Inflation”
[Peebles, Vilenkin 99; Dimopoulos, Valle 02; Rosenfeld, Frieman 05, O.B., Duvvuri 06, ...]

/\

Inflation - Dynamics

~..

Dark Energy — Dark Matter interaction
[Amendola 2000, ..., O.B., Gil Pedro, Le Delliou 2007]

Dark Energy — Dark Matter Unification
[Kamenschik, Moschella, Pasquier 2001]
[Bilic, Tupper, Viollier 2002; Bento, O.B., Sen 2002]
[0.B., Rosenfeld 2008]



Generalized Chaplygin gas model

« Unified model for Dark Energy and Dark Matter

Generalized d-brane

£——arh (1-(570,0,) % ) -
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1

Generalized Chaplygin gas
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[Bento, O.B., Sen 2002]
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Dark Energy - Dark Matter Unification:
Generalized Chaplygin Gas Model

- CMBR Constraints [Bento, O. B., Sen 2003, 2004; Amendola et al. 2004, Barreiro, O.B., Torres 2008]
-  SNela [O. B., Sen, Sen, Silva 2004; Bento, O.B., Santos, Sen 2005]
- Gravitational Lensing [Silva, O. B. 2003]

— Structure Formation *

[Sandvik, Tegmark, Zaldarriaga, Waga 2004; Bento, O. B., Sen 2004; Avelino et al. 2004; Bilic, Tupper, Viollier 2005; ...]

— Gamma-ray bursts [O. B., Silva 2006, Barreiro, O.B., Torres 2010]

— Cosmic topology [Bento, O. B., Reboucas, Silva 2006]

— Inflation [O0.B., Duvvuri 2006]

— Coupling with electromagnetic coupling [Bento, O.B., Torres 2007]

— Coupling with neutrinos [Bernardini, O.B. 2007, 2008, 2010]
A

Background tests: o <0.35, 08<A <09 A =

N l+a

Lcno

Structure formation and BAO: a<0.2



Large Dark Energy-Matter Surveys
Euclid

Standard Candles
Luminosity Distance

SCALED MAGNITUDE

Standard ruler
Angular diameter distance
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« Model: S = / {éfl(R) + [l + )\fQ(.R)] ,Cm} \/—_g ([4;1’.

f.(R) — arbitrary functions of R ( E = dfi (R) )
dR
- Energy-momentum tensor of matter is not necessarily conserved:
AF:
Fpp(m) 2 _plm) | op
.. . Du® du® | |
- Motion is non-geodesic: = + T utu? = f°
ds ds g
* For a perfect fluid: Tﬁjj") = (e +p)uy,u, — PGy
1 A5
¢ = E’m ' yR vy' h* h A — G — Uyu
E—|—p J."‘/\fg( +p}v _|_ p L /.)\ Jﬁ)\ l/_ l)\




Modified NewidmiaMBttaamics (MOND)
[Milgrom 1983, Bekenstein, Milgrom 1984, ..., Bekenstein 2004]

Motivation: Flatness Rotation Curve of Galaxies

(l() (I()

1 if > 1

plz) = { e
raf r<l

a, = 1.2 x 10-'9 m/s? - universal acceleration
Tully-Fisher Law: Ly xvlas Ly o M = (Gay) %!
TeVeS? version: F-function problem

S, = —% / (02 h*P & (b 5 + éaﬁ—%‘lﬂk@g ) (—g)'/2d*



MOND

Tensor-Vector-Scalar field theory, S =S, + S; + S, + S

‘Svg _ (167TG)—1 /ga3Rq.-‘3(_g)1/2d437

Sy = —é/ [0*h* p b 5 + éG‘E‘QJ“iF(kG’JQ}} (—g)Y2d*x
N I af v ” L 1/2 44
Sy = — 3973 / [g ;39'L u[&,p{.]u[;ﬁ?,u] - Q(A/IX)(QL uﬂ-u” + 1)] (_g)l/2d4m

S.m — /ﬁ(gﬁ'fhf&?faﬁa .. )(_g)l/Zd—l,I

Conformal transformation to the physical metric: (—f])l/2 = 6_2@(—9)1/2



Consistency

 PPN: p=Ly=1 (see however 0O.B., Paramos 2006)

i) (Potentially) compatible

[Skordis, Mota, Ferreira, Boehm 2005]
« CMBR

ii) Problem with the third peak ~ facon _ 5, 10°
[Slosar, Melchiorri, Silk 2005]  {ion

« Gravitational lensing — great potential for testing
[Zhao, Bacon, Taylor, Horne 2005]



Can MOND take a bullet ?

[Angus, Shan, Zhao, Famaey 2006]

« Dark halo made of neutrinos: m, 6 =(2-3)elV

* Not quite ! [Takahashi, Chiba, 2007]

Neutrino oscillations: Am ° <107 ¢e)?

4 3/2

. T
Tremaine-Gunn bound: o, =4.8x107"’ Ty X g/cm’
' 2elV keV

Mr’ _3M(<r)

2 IO core 3

Core density (Hernquist profile): M (< r) =

(l”+7‘0) dr

1/4 -3/4 -3/8

M v, T
IOcore<pv ax.: mv>6-1 . . —E eV
. (1014Mm) (IOOkpc) (keV

A1689: M =(6.2+1.2)x10"M,, 1, =(125£52)kpc Ty =(9.000.13)keV’
m,>3.6xl.1)elV



Beyond General Relativity:

f(R) gravity with nonminimal curvature-matter coupling
[O.B., Bohmer, Harko, Lobo 2007 ]

Action: S :/ Bfl(R) + fo(R)Lm V—gd*z .

Field equations:

1
(f{ + 2£mfé)R,uV — iflg,uu — A,ul/(f{ + 2£mfé) — fZT,uy
Ay =V, VYV, —3.,9*°VaVj

Effective energy-momentum tensor non-conservation:

/
VT, = é 9L — T | VIR

f2

1 /
Eq. motion test particle: u'V,u" ~ et (?2 (L + D)V, R+ Vyp) hYA
(Perfect fluid) 2

Ef)\.



f(R) theory of gravity with non-minimal curvature-matter coupling (Il)

[O.B., B6hmer, Harko, Lobo 2007]
1
S :/ [§fl(R) + fg(R)Em] V—gd'z .

- Implications: a=dyn+ f

« MOND-like behaviour: extra force and Tully-Fisher law (L ~ zi )

If aN<<a. ay ~ —a —= — 1 — f—‘)
ag (g 2 a~
Hence @ =~ /apan andas ay = GM /r?follows that
v 7 ) N
a ~ VagGM/r = vi,/r  vi — v = /agGM

and the Tully-Fisher law as L™M
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f(R) theory of gravity with non-minimal curvature-matter coupling (lll)

[O.B., Bohmer, Harko, Lobo, Phys. Rev. D 75 (2007) 104016 ]

- Implications: a—=dyN + f

* Pioneer-like acceleration:

2 2

-y -

o f 9 \J , [ an
ap = ‘o +2f f~ GMa/

2

f— 0, ag =~ « o —const.

[Anderson, Laing, Lau, Liu, Nieto, Turyshev 2002]

[O.B., Paramos 2004]

« However, most likely the Pioneer anomalous acceleration is due to
on-board thermal effects

[O.B., Francisco, Gil, Paramos 2008, 2011]
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f(R) theory of gravity with non-minimal curvature-matter coupling (V)
[O.B., Bohmer, Harko, Lobo, Phys. Rev. D 75 (2007) 104016 ]

* Stellar stability
[0.B., Paramos, Phys. Rev. D 77 (2008)]

» On the non-trivial gravitational coupling to matter
[0.B., Paramos, Class. Quant. Grav. 25 (2008)]

* Non-minimal coupling of perfect fluids to curvature
[O.B., Lobo, Paramos, Phys. Rev. D 78 (2008)]

* Non-minimal curvature-matter couplings in modified gravity (Review)
[O.B., Paramos, Harko, Lobo, arXiv:0811.2876 [gr-qc]]

* A New source for a braneworld cosmological constant from a modified gravity model in
the bulk [0.B., Carvalho, Laia, Nucl. Phys. B 807 (2009)]

* Energy Conditions and Stability in f(R) theories of gravity with non-minimal coupling to
matter [O.B., Sequeira, Phys. Rev. B 79 (2009)]

* Mimicking dark matter through a non-minimal gravitational coupling with matter
[O.B., Paramos, JCAP 1003, 009 (2010)]

* Accelerated expansion from a non-minimal gravitational coupling to matter
[O.B., Frazao, Paramos, Phys. Rev. D 81 (2010)]

* Reheating via a generalized non-minimal coupling of curvature to matter
[0.B., Frazao, Paramos, Phys. Rev. D 83 (2011)]



f(R) theory of gravity with non-minimal curvature-matter coupling (V)

[O.B., Bohmer, Harko, Lobo, Phys. Rev. D 75 (2007) 104016 ]

» Mimicking the cosmological constant: Constant curvature spherical solutions in non-
minimally coupled model
[O.B., Paramos, Phys. Rev. D 84 (2011)]

* On the dynamics of perfect fluids in non-minimally coupled gravity
[0.B., Martins, Phys. Rev. D 85 (2012)]

* Mimicking dark matter in clusters through a non-minimal gravitational coupling with
matter: the case of the Abell cluster A586
[O.B., Frazao, Paramos, Phys. Rev. D 86 (2012)]

* Traversable Wormholes and Time Machines in non-minimally coupled curvature-matter
f(R) theories
[O.B., Ferreira, Phys. Rev. D 85 (2012)]

 More general clusters, the bullet cluster, ...



Energy Conditions and Stability

[O.B., Sequeira, Phys. Rev. B79 (2009)]
- Physical Viability

- Match GR Parametrized Post-Newtonian behaviour at solar system
[O.B., Paramos, Class. Quant. Grav. 25 (2008)]

- Can lead to a phenomenologically consistent cosmology if the
Energy Conditions are satisfied:

Strong Energy Condition (SEC) (Gravity is attractive)
Null Energy Condition (NEC) (Gravity is attractive)
Dominant Energy Condition (DEC) (Vsyynd < €)

Weak Energy Condition (WEK) (Positive energy density)
- Instability Free

Dolgov-Kawasaki instability

-Ghost free, well posed Cauchy problem, correct cosmological
perturbations, ...



Action and Field equations

Field equations:

1
(f{ =+ Z‘Cmfé)Rw/ o iflg,uy — A,uu(f{ + 2£mfé) — fZT,uz/

G =k (TAW 1 TW>

Effective energy-momentum tensor:

- I f{ + 2£mfé ) 1 / !
L 9 (fg 7 m fs p (fl fz)
. L . . Jfo

Effective gravitational coupling: £k =



Effective quantities
Perfect fluid: T = (p+p)uyty, — pguw

Robertson-Walker metric: ds® = dt* — a*(t)ds3

Auh(R, L) = (VuVy = guUO)M(R, Lyy,)
= (0u0y — 9uv0000)h — (T}, + g 3H)doh

Effective energy-density:

5= L (ﬁ_ f{+2£mf§R> a2y
2\ f2 f2 f2

R

Effective pressure:

. LA i+ 2Ln ) : ST 2L 3 T+ 2Lm S5 5o
= —— — R)+(R+2HR + R
P 2 <f2 [ ( ) f2 [
Effective gravitational coupling: k= f2 0

>
1+ 2L 1}



Kinematical Quantities

 Flat Robertson-Walker metric

R:—ﬁ(ﬂ9+9)
a

« Deceleration (q), jerk (j), snap (s) parameters

1 a , 1 a 1 a

1= T W a T H.

R=—6H(j—q—2), R=-6H"(s+q>+8¢+6),



Energy Conditions

Raychaudhuri eq. for the expansion parameter for a
congruence of timelike geodesics

o1

Raychaudhuri eq. for a congruence of null geodesics

db 1
E B _592 B O-‘WOJW + wl“/w'w/ - Rw/k'uky

Condition for attractive gravity

do
— <0
d7'<



Energy Conditions

- SEC R, ufu” >0
. NEC Ry kME” >0

Warrant that gravity is geometrically attractive

~A [/ A N N 1 A
G = b (T + T) Ry = (TW + Ty = 59T + T))

- SEC
p+3p— (ﬁ—fl+2£mf2R>+3(R+HR) 1 2Lm /s + 34 +2bm /2 R? >0
f2 f2 f2 f2
« NEC . . fN 1 11 n-
p+p+ (R— HR) 1+2£m2+ - +2£m2R220

f2 f2



Energy Conditions

DEC
p_p+(ﬁ_f1+2£mf2R>_(R_|_5HR> 1 +2£m 2 J1 +2£m 2 RQZO
f2 2 [ f2
WEC

R>0

1/ f1 fl+2L.,.f} ) 2L, Y
+o (- R) —3H
P 5 <f2 J2 f2

Transformations
(GR = f(R) theory with non-minimal coupling)

p— ptp p— p+p



Energy Conditions
« Models

fi(R) = R+ eR" f2(R) =1+ AR™

- Energy conditions:

A~ n 2/\ .
¢|R)| (a B2V am|R|m”> .
€

1+ A|R|™
e = (—1)"¢ A= (=1)™\
e >0 e <0
\ ) m —Yn — ALm n— —
A>0 2)‘5 < %‘R'n m 2)i€| < Oéama|R|n m
5\<O 1—|>\||R|m>0 TZ%|R|” m JTZ aas |R|n m
1 — |5\||R|m <0 2|ALEm < Oén—a|R|n—m 2|\ Lo < a—a, |R|n_m

€] Um

€ A,




DEC

GSEC — 1, BSEC — (54 3p),
SEC — _p [1 +3(n—1)(R+HR)R?+3(n—1)(n— 2)R_3R2]
SEC _p [_qy CHTOH A obd ) U000, gy
' 2(q — 1) 2(q — 1)°
oNEC = _n(n —1) [R HR)R™ +(n—2)R_3R2]
2 : . 5
NEC *+9—j+s+8 (j—q—2)
1 B g
a, ~ =n(n-1) [ 6(q — 1) 6(q — 17° (n —2)
a?C =1, WPFC=—(p—p),
QT?EC —n [1 + (n — 1)(R + 5HR)R_2 + (n—1)(n— Q)R_3R2]
VLR PR SR EL7 Rk Sk S C A )
S 6(q — 1) 6(q—1)3



wec _ 1 pWEC _

a - ’ — P
- WEC 1 .
aVEC —n 5 + 3(n — 1)HR_2R]
wee _ . |L J—q—-2
o, =n|; 21— g7 (n—1)

« Positive gravitational coupling

~ 6H(1—gq)

« Dolgov-Kawasaki criterion (aPX=pPk=0)

o n(n —1)
aPE m(m —1)




Dolgov-Kawasaki Instability

 Dynamical eq. for the scalar curvature

3(f) + 2L f)OR + 3(f1" + 2Lm f3" )VH*RV R+ 12V L,V R+ 6 f50L + (f] + 2Lm f5)R — 2f1 = foT

* Perturbative equation

R=Ry+ R T="Ty,+ Ty Juv = NMuv +
0” R, > 5 f
_ S T
atQ V Rl +meffR1 3( {/+2£m é/) 1

m2 — !
I (2}

L STy = 2L0m) = (f + 2L f3)Ro)
- Stability Criterion fi(R) = R+ ep1(R) f2(R) =14 Apa(R)

"(R) + 2L, f5(R) >0



Dolgov-Kawasaki Criterion
fU(R) + 2Ly, f5 (R) > 0
Models
fi(R) = R+ eR" fo(R) =14+ AR™

Stability conditions

en(n — 1)|R|"2 + 2AL,,m(m — 1)|R|™"2 >0

. (=1)", ifR<O0 ) (=1)™\, ifR<O0
€ = , =
€, if R >0 A, if R >0



Dolgov-Kawasaki Criterion

e Results

fl (R) = R+ eR"

€| R|"

INC,
A a — an - ~
1+ A R|™ €

fo(R) =1+ AR™

oszm”) > b

a=b=0 €>0 <0

5\ >0 2>\€£m < a;zn |R‘n—m 2)|\€£|m < agﬂ:a |R|n—m
A A Lom Y — _ 2(A|Lom — o _
N\ <0 2| L > aama|R|n m |||é| > aa:: |R|n m




« Models

Dolgov-Kawasaki Criterion

1(R) + 2L, f3 (R) = 0

k
fi(R) =) a,R"
n=1

« Stability condition

k/

f2(R)=1+A> by R"

m=1

k k'
Z apn(n — 1)R" ™2 4+ 2)\L,, Z bynm(m — 1)R™ 2 >0
n=2 m=2
R>0 K =2 k=3
ag > 0 R > _a2+%>\£mbz
k=2 ag + 2ALybe > 0 >~
a3 < O R < a2+2)\£mb2
- 3|a3|
as+22L,,b as+22L,,b
s AC,bs >0 | R> N | asz + 2M\Lpbs >0 | R > _3(a23—{—2>\£ml)23)
as+2NL,,b as+20L,,0b
)\ﬁmbg <0 R < W as + 2)\£mb3 <0 R < 3|a23—:-2>\£m623|




The Action of a Perfect Fluid: the GR story ()

Action(s): S = / JAr V=gp

—> T,ul/ = (p+p) UuUu + P9uv

Sm = — /(14;1?\/—g/)
[Schutz 1970; Hawking & Ellis 1973; Alba & Lusanna 2002; Brown 2003]

Actually, the most general action involves energy density, p, matter
current, J¥, entropy per particle (constant), s, and Lagrangian coords.,
@, 0, aA:

Sm = /(14;1‘» [—V=g p(n.s)+ J" (o + 50, + Bacs,)]

0
— T =pU!U" + (na—p — > (g"" + UHU")
n
9
Perfect fluid: p= -n..,—p —p
on



The Action of a Perfect Fluid: the GR story (ll)

oS
Egs. Motion: T = PUu+ o+ 50, + Bacy =0,

0S

e _']ltt — O.'
0P ’
0S
50 _(3,]#).# =0,
0S
ol —V/—9g + 0,J" =0,

<

0S

(SC\_A pum— —(JjAJ/J)‘/_L == 0 ’

58 )

— = o, J'=0.

034 o

where n is the particle number density, n = |.J|/\/—g, J* = \/—gnU"
such that, TV = () implies the covariant conservation, (nU#)., =0,

dp = pdn + nl'ds

First Law of Thermodynamics: o
= Jdp/on = (p+ p)/n



The Action of a Perfect Fluid: the modified gravity model
with non-minimal coupling to curvature story (lll)

[O.B., Lobo, Paramos Phys. Rev. 78 (2008)]

In the context of the f(R) model with non-minimal couplig to curvature:

S = /[ fi(R) + [1+ Afa2(R)] m] /=g d*z

If L, = p MTVeR jon | |
m=p —> fr= n which for a const. p, the motion is geodesic.
PP

[Sotiriou & Faraoni 2008]

A\F. 1
If however, L, = — N h— | — 2 V,R +
m=r d ( A

V,,p) hHY

that is, the motion is non-geodesic!



The Action of a Perfect Fluid: the modified gravity model
with non-minimal coupling to curvature story (1V)

[O.B., Lobo, Paramos Phys. Rev. 78 (2008)]

Indeed, the degeneracy has been lifted, however, in order to warrant
that the non-minimal coupling proposal is consistently applied, one
should consider the action

, . | A
Sl = /(14;1‘ [ —V=g[1+ Ma(R)] p(n, s)+J* ('\,’J,u + 50, + ,.43AC¥"“)
instead the most obvious one

S = /(14;1?[1+)\f2(R)][ V=g p(n,s) + J* (pu+ s0 , + Bac’)]

as in this way the affected eqs. of motion are (others remain unchanged):

5S
ST p(l+ fo(R)) U+ @ u+ 50, + Baci, =0

oS
0s

= VB4 Fa(B) L 40, =0



General Relativity admits Closed Timelike Curves (CTCs):
A typology

Sols. with a “bite” on the light cone - rotation, cosmic string
[Godel 1949; Gott 1991; Deser, Jackiw, ‘t Hooft 1992; Deser 1993]

Traversable wormhole sols.
[Morris, Thorne, Yurtsever 1988; Lobo 2006; Garattini, Lobo 2007; ...]

Warp drive sols.

[Alcubierre 1994; Lobo, Visser 2003; ...] Weak Energy
Condition
Violation

Krasnikov tube /

[Krasnikov 1998; ...]



Wormhole geometry

[Morris, Thorne 1998]

“Wormholes in Spacetime and their use
for Interstellar Travel: a tool for teaching
General Relativity”

- Avoid singularities and horizons

- Ensure well behaved physical
properties and metric components

- Ensure stability

[Morris, Thorne, Yurtsever 1988]

CLOSED TIMELIE CURVE “Wormholes, Time Machines and
the Weak Energy Condition”




Time travel paradoxes

- The killing of an ancestror paradox
_ _ —> Serious threats to Causality
- The Oedipus time traveller complex

- Creation of information paradox

Time traveller from the future conveys the secret of time travelling
to a researcher, who in turn publishes it. Later, the researcher
travels back in time and convey the secret to his/her younger
person. So the information has appeared from “nowhere”.



Putative Solutions

Novikov’s self-consistent principle [Novikov 1990]

CTCs might exist, but that they cannot entail any type of causality violation
or time paradox

It assumes either that there is only one timeline or that alternative timelines
(such as in the Many-Worlds Interpretation of Quantum Mechanics) are not
accessible

Hawking’s chronology protection conjecture [Hawking 1992]
“It seems that there is a Chronology Protection Agency which prevents the
appearance of CTCS so to make the universe safe for historians”

Quantum Mechanics (Many Worlds Interpretation)?

[Deustch 1991, Deustch, Lockwood 1994]

Systems can travel from one time in one world to another time in another
world, but no system travels to an earlier time in the same world

Emergent Gravity Solution [0.B. 2012]

CTCs do not actually exist as they require conditions for which the affective
and emergent GR and other classical models of gravity are no longer valid



Traversable Wormholes and Time Machines in non-
minimally coupled curvature-matter f(R) theories

[O.B., Ferreira, Phys. Rev. D 85 (2012)]

Wormhole sols. —» WEC violaton —s 7 "“k"k"<0—p=<0
GR

NEC violation —> 7, k“k" <0 (Tj"k"k" =0)
Non-minimally coupled theory

Effective energy-momentum tensor:

r _1 fl_f{+2£mfé i / /
T,Lw - 9 (f2 f2 R) Juv + sz,LW (fl +2£mf2)

Field equations: Gy = k (TAW + TW)

f2

Effective gravitational coupling: k=
? Ping it 2L ]




How to build a Time Machine

Recipe:
[Morris, Thorne, Yurtsever 1988]

Acquire a traversable wormhole;

Create a red-shift between the two
wormhole mouths by, for example,

acelerating one of the wormhole mouths;

wormhole A wormhole B

Bring the mouths close together adiabatically.



Set up

Wormhole Geometry

Static spherically symmetric space-time:

2
dSQ _ _62<I)(r)dt2 + d—rb
1 — )

r

+ 72 (alﬁ2 + sin? (Qdc,-bi’)

Further constraints:

Bl G B) r—b(r)) ®(r as r =7
b2(r) >0 1_720 (r—>b(r))®(r) >0 as r =g

Equations solved for fi(R) = f:(R) = R in the presence of a
fluid with stress-energy tensor:

Ty = (p+p:) UUy + pegu + (Pr — Pe)XuXo



Results

- System of 3 non-linear second order diff eqs. with 5 unknown
functions

Cases considered:
Isotropic pressure: p, = Py

Two Energy densities

- Function b(r) obtained everywhere [Garcia, Lobo 2010]

- Pressure and Redshift obtained:
At infinity, where the geometry should be assymptotically flat

Near the wormhole throat where NEC violation must occur



Solutions

Energy Density: (
Case 1: Constant and localized close the p1(r) = <
wormhole throat \ 0, >
Case 2: Exponentially decaying sl B0
-
Results:

Assymptotically flat wormhole solutions with
ordinary matter if:

NEC violated and DEC satisfied
A
20

1
A > —
2p0

1 o
> —0F 1 :
S zA( m)




Solutions
[O.B., Ferreira, Phys. Rev. D 85 (2012)]

Case 1

There is a discontinuity at an arbitrary scale which gives rise to

problems associated with singularities

Case 2

One obtains differentiable and well behaved wormhole solutions

which respect all the constraints to be traversable: Time Machines



Violation of the Equivalence Principle

Expected at cosmological level as the fall of matter will depend
on the local curvature as different bodies would feel a different
coupling to gravity:

f2(R) = 1+ Apa(R)

Similar to what is expected if dark energy couples to dark
matter (c.f. below)

[O.B., Gil Pedro, Le Delliou 2007, 2009, 2012]

Means an IR breaking of GR and presumably a bearing on the
cosmological constant problem at low energies

[0.B. 2009]



Dark Energy — Dark Matter Interaction
[0.B., Gil Pedro, Le Delliou Phys. Lett. B654 (2007); ; GR&R (2009, 2012)]

Evolution equations:

( PDE = WDEPDE )

For

From which follows:

ppE  SIpE,

pov 2o

Bias parameter:

GCG:

n =

a’l

P DM

PDE

b —

3(1 -+ Q:)

ppyv + 3Hppar = CHppur
ppE +3Hppe(1+wpr) = —CHppurr

¢ =

- (n+3wpE)pE,
Ope, + Qprp,a™"

_3 a ~da
= a PDMGE‘rl ¢fa

4 i B ':7'?+3“-"DE:'
= a "ppm, [2pE.a” + Qo] !
= n.”_BPDEuEﬁC%
(nt3wpp)
n—23 -

= 4" ppE, (2pE. A" + QD] !

| (n+3wpE)

OB _ QDEO(L'? + QDAIO "

ODM !DE, + Y.DM,



Estimates
[0.B., Gil Pedro, Le Delliou (Phys. Lett. B654,165 (2007))]

e X-ray, velocity dispersion and weak gravitational lensing (WGL):

Mciuster = (4.3 £0.7) x 10 M o, = (1243 + 58) kms™!

[Cypriano, Neto, Sodré, Kneib 2005]

* WGL concerns a spherical region with 422 kpc radius and N_=25 galaxies

(within a 570h,,? kpc region with 31 galaxies); hence with the known coords.:

< R >= 309 kbc (< R >=

and therefore:

e From which we get:

pw = (—2.83+0.92) x 107" Jm=3

go,I i
-
'Tgm‘( al — 1) Z Z v ) 0.5526 |
i=1 j5=1
pr = (2.14 £ 0.55) x 107" Tm=?

0.552

DEC (rad)

0.5518

0.5516 |

PE 076 ~0.14

X7
I[)“ 1.97281.9731.97321.97341.97361.97381.9741.9742
RA (rad)



Cosmic Virial Theorem and the Abell cluster A586

[O.B., Gil Pedro, Le Delliou Phys. Lett. B654 (2007)]

Generalized Cosmic Virial Theorem (Layzer-Irvine eq.):

B (7} + Bw’DE)H
1+ Qpar, /QDEO a—"m

/) DM + H (2 PK + PW ) — oW

where o = MdK /dV = d(MK)/dV x a2

pw = MdW/dV = d(MW)/dV x o~

W = —27Ga2ppuy / dre(r)r (‘£(r) - auto-correlation function)

* Abell cluster A586 — spherical and close to stationary equilibrium:

20K + pw = Cpw

d .. K 9 Mciuster
° Moreover- PK — 411_{—?_[1 ~ Jf_r ~ - 3)_ uster .rj'g
. dV % . chuﬂﬂ.
A7 ¢ ¥ " 2
i " 3 G A [C luster

o = Me—=W ~ M— ~ —

~ 7 = o, 3
a0 1 S8 < R > R('.-'lu.ste'l'



Dark Energy — Dark Matter Interaction
[O.B., Gil Pedro, Le Delliou Phys. Lett. B654 (2007)]

Interaction requires: N # —3wWDE

Qpar, = 0.24 . » = 0.1708

For wpe = —1, Qpg, = 0.72,

_ I BT —|—Drj
1 = 3.8270 47
. o a~+0.17
GCG: « = 0.27 016

Data is consistent with interaction !

Same methodology used for 33 relaxed galaxy clusters (optical, X-ray,
gravitational lensing) suggests evidence for the interaction of DE and DM

[Abdalla, Abramo, Sodré, Wang 2008]

Gamma ray bursts (not so clear) [Barreiro, O.B., Torres 2010]
Realistic density profiles (A586, A1689) (idem) [O.B., Gil Pedro, Le Delliou 2012]



Dark Energy — Dark Matter Interaction and the
Equivalence Principle (EP)

[O.B., Gil Pedro, Le Delliou Phys. Lett. B654 (2007)]

Bias parameter evolution indicates a possible violation of the
Equivalence Principle

1.357¢,




Consistency of the Abell cluster A586 results - |

[O.B., Gil Pedro, Le Delliou GR&G 2009]

Consistency with interaction results from SN le, CMB and BAO:
[Guo,Ohta, Tsujikawa 2007]

ENLE + BHAOQ + CMB




Consistency of the Abell cluster A586 results - |
[O.B., Gil Pedro, Le Delliou, GR&G 2009]

DM gravitational fall into DM from a simulation of the tidal stream of
the Sagittarius dwarf galaxy which allows for:

G(DM—DM) <11

G(DM—B)

[Kesden, Kamionkowski 2006]

 Assuming DE-DM interaction implies a change of the DM number
density, then:

Gpy = G(1 +6¢)

C=— (‘7’] - :ngE)QDEo




Consistency of the Abell cluster A586 results

[O.B., Gil Pedro, Le Delliou GR&G 2009]

L o : a0 gn+0.5
« For wpg, = —1 and 17 = 3.?_‘12_014T
1 R
0.98 //
0.96
Som
7 0.94
0.92
0.9}/ _
1 2 3 4

which for z=0.17 ( 0 =0.163 ) yields Gp,;/G = 0.92



Conclusions

- f(R) modified graviy theories of with non-minimal curvature-matter
coupling have interesting phenomenological features

- They are shown to be physically consistent and all energy conditions
depend on the geometry, matter Langragian and parameters (g, A)

f1 (R) =R+ 6901<R) fQ(R) =1+ )\902(R)

- All energy conditions, positive effective gravitational coupling and
stabiltiy conditions can be expressed through a single type inequality

- For a perfect fluid, the degeneracy found in GR at the Lagrangian
density level is lifted

- [t admits closed timelike curves and traversable wormholes

- It leads to violation of the Equivalence Principle at cosmological
scales

- It successfuly mimicks dark matter and dark energy



