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= Big dots represertype-la supernovaca- Vs -a.

= Theexpansiorbegan tcacceleratsome 5 billion years ago.
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= Only the combined set of data yields useful constraints.
= The composition is dominated by unknown sources:
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CSIC, September 18, 2005 - p. 10/23




e About thistalk ...
e Outline

The cosmic speed-up

f(R) gravities

o Alternative to dark energy

e Two formulations

e Solar system - Vs - Cosmology
e Scalar-tensor representation
f(R) gravities as BD-like theories

Metric formalism |

Metric formalism Il

e Palatini formalism |

e Palatini formalism Il

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo

Part Il:

f(R) gravities

CSIC, September 18, 2005 - p. 11/23




e About thistalk ...
e Outline

The cosmic speed-up

f(R) gravities

e Alternative to dark energy

e Two formulations

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Palatini formalism Il

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo

Alternative to dark energy: f(R) gravities

= Early-time inflationcan be justified witt f(R) = R+ £

CSIC, September 18, 2005 - p. 12/23




Alternative to dark energy: f(R) gravities

| = Early-time inflationcan be justified witt f(R) = R+ £

= Could the Tate-time inflatiofl be due to new gravitational effects?

The cosmic speed-up

f(R)=R—¥  f(R)=R+alnR  f(R) =bR’

e Alternative to dark energy
e Two formulations

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Palatini formalism Il

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 12/23




Alternative to dark energy: f(R) gravities

= Early-time inflationcan be justified witl f(R) = R+ R®

e About thistalk ... M 2

e commic speedan = Could the Tate-time inflatiori be due to new gravitational effects?
” 4

:(iftzrr:\a/lfllzstodarkenergy f<R> — R_ % f<R> — R—I_ aln R f<R> — bR]

e Two formulations

e Solar system - Vs - Cosmolo . .. .
cceroreesenain @ Te dependence of the expansion on the composition is dklaxe
e f(R) gravities as BD-like theories

° Metric formal?sm | a

e 2=~ 31 (PTot+3Proy)

e Palatini formalism Il

'iﬂi'fﬁiyand o with a new contribution of the form
The End pf [R f/ - f - 3a f//j|

P — _% [Rf’— f_ 2a il _ R _ sz’"]
governed by

3R —R2f"” +3(2)Rf"] — (R —2f) = k2T

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 12/23




Alternative to dark energy: f(R) gravities

= Early-time inflationcan be justified witl f(R) = R+ R®

e About thistalk ... M 2

e commic speedan = Could the Tate-time inflatiori be due to new gravitational effects?
” 4

:(zfts::zlttllistodarkenergy f<R> — R_ uﬁ f<R> — R—l_ aln R f<R> — bR.I

e Two formulations

e Solar system - Vs - Cosmolo . .. .
e THe dependence of the expansion on the composition is telaxe
e f(R) gravities as BD-like theories

e Metric formalism |

: : a

° 'I\D/Ialatin: formLIism”I a 3f/ (pTOt _'_ SPTOt)

o Palatini formalism Il

e with a new contribution of the form

The End Df = 8T[G [Rf’— f_ 3a f”}

P — _R [Rf/ _f_ 2a il _ R _ sz/”]
governed by

3R —R2f"” +3(2)Rf"] — (R —2f) = k2T
= Geometry itself may drive the expansianufvature quintessenge

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 12/23




Two formulations of f(R) gravities

TakingR= g""R,, and

e About thistalk ...

e Outline R'JV — _aurﬁv +a)\rﬁ\) _|_ r}\vrg)\ L r\)) rp

I P!

The cosmic speed-up

f(R) gravities

e Alternative to dark energy

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Palatini formalism Il

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 13/23




Two formulations of f(R) gravities

TakingR= g""R,, and

e About thistalk ...

e Outline - }\ }\ }\ p )\ p
R = =03, +0aMy + o, =TT

b vp' LA
The cosmic speed-up

() graviis = Palatini formalism g, andry are independent fields:

e Alternative to dark energy

e Solar system - Vs - Cosmology 2\ A oy
e Scalar-tensor representation f ! ( R) R“\) (r) - % f (R) gu\) — KZTH\)

e f(R) gravities as BD-like theories

o Metric formalism | o tO(p . Y,
e "y = "2 [Ogtov+ Oytop — Oplay] With tap = F'Gap
e Palatini formalism Il
e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 13/23




Two formulations of f(R) gravities

TakingR= g""R,, and

e About thistalk ...

o Outline _ }\ }\ }\ p )\ p

The cosmic speed-up

T = Palatini formalism g, andl‘%‘y are independent fields:
e Alternative to dark energy

St f'(RRw(MN) — 2 f(Rgw = KTy

e f(R) gravities as BD-like theories
o Metric formalism | o __ tO(p . Y,
) "y = "7 |9ptoy+0ytop — Jpley| With tup = F'Gup
e Palatini formalism Il
e Analysis

e Summary and conclusions u Metric formalism rgy IS Compatlble Wltmu\}

F'(RRw(IM) — 5 f(R)gw — OuOy f'(R) + g (R) = K*Tyy
FE‘V = % 0pGpy + 0yTpg — pGpy]

The End

Gonzalo J. Olmo CSIC, September 18 2005 - p. 13/23




Two formulations of f(R) gravities

TakingR= g""R,, and

e About thistalk ...

e Outline — }\ }\ }\ p )\ p

The cosmic speed-up

i = Palatini formalism g, andr§ are independent fields:
e Alternative to dark energy

e Solar system - Vs - Cosmology / 2N rE 1 2N L 2

° fS(}(;:;\Iar-te.n.sor re[;r[e)sl(.eknta:on. f (R) RHV (r) - z f (R) gIJ_V — K Tuv

° gravities as BD-like theories

o Metric formalism ap .

° metric:orma:ism:l rgy — t7 [aBtpy —|_ ayth - aptBy] Wlth taB — f,gaB

e Palatini formalism |
e Palatini formalism Il
e Analysis

Cammmaensoe @ Metric formalism rg, is compatible withg,y:
f'(RRw(IN) — 2 f(R)gw — 0,0y '(R) + g/ (R) = KTy
ap
M6, = %o [0pGoy + 0yGpp — OpGpy]

= Both formalisms naturally lead to cosmic speed-up.

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 13/23




Two formulations of f(R) gravities

TakingR= g""R,, and

e About thistalk ...

e Outline — }\ }\ }\ p )\ p

The cosmic speed-up

i = Palatini formalism g, andr§ are independent fields:
e Alternative to dark energy

e Solar system - Vs - Cosmology / 2N rE 1 2N L 2

° fS(}(;:;\Iar-te.n.sor re[;r[e)sl(.eknta:on. f (R) RHV (r) - z f (R) gIJ_V — K Tuv

° gravities as BD-like theories

o Metric formalism ap .

° metric:orma:ism:l rgy — t7 [aBtpy —|_ ayth - aptBy] Wlth taB — f,gaB

e Palatini formalism |
e Palatini formalism Il
e Analysis

Metric formalism rg, is compatible withg,y:

f'(RRw (M) — 5 f(Rgw — DuDy ' (R) + 9w/ (R) = K2 Ty
ap

M6, = %o [0pGoy + 0yGpp — OpGpy]

e Summary and conclusions

The End

= Both formalisms naturally lead to cosmic speed-up.

= We must determine the right formalism and the functigR).
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= Changes in the dynamics of gravity would lead to observable
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Solar system - Vs - Cosmology

Though these theories lead to late-time self-accelerathgions,
there are no convincing/useful constraints from superackaa.

Changes in the dynamics of gravity would lead to observable
effects in other regimes and applications: structure
formation/evolution, CMBR, gravitational waves,. ..

It would be very difficult to distinguish the effects néw
dynamicsfrom the effects otlark energysources.

The solar system is well described luminous matter :

The solar system representsa clean scenario to test
the dynamics minimizing the number of unknown
variables.

Extensive amount of very precise observational data idablaiin
the solar system regime.
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Scalar-tensor representation

The e.o.m. off (R) gravities can be rewritten as follows:

Rw(9) = 39wR(@) = 5T — 250V (9)+
+% [au(PaVCP— %gp\) (a(P)Z} -

+(_1p Opve— g g

where g=df/dR and V(@) = Rf(R) — f(R) .

= Metric formalism — w=20

= Palatini formalism— w= —-3/2
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e Palatini formalism Il
e Analysis
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= Palatini formalism— w= —-3/2

The scalar field is governed by the trace equations:

(34 2w) 0+ 2V (@) — 5% = KT

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 15/23




e About thistalk ...
e Outline

The cosmic speed-up

f(R) gravities

e Alternative to dark energy

e Two formulations

e Solar system - Vs - Cosmology
e Scalar-tensor representation
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Palatini formalism Il

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo

f(R) gravities as Brans-Dicke-like theories

= The e.o.m. written above can be obtained from

S= 5z d'%/=0 | OR(O) ~ §(0.90"9) ~V ()] -+ Sol,

which represents Brans-Dicke-liketheory.
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e Scalar-tensor representation u I n th e O rl g | n al B D th eo ry
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= Now wis fixed andV (@) = Rf'(R) — f(R) is to be determined.

The End

= Observations must constrain the formV (@) < f(R)
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Metric formalism |

Thelowest-order correction® the Minkowski metric are:

ha) ~ 2GMe 4 i

hi<j2) ~ 5”' {ZVG@ — 6V_q())0r2}

where mg = (@V§ —V§)/3>0.

M@ — dsXpsun

2 —mgr
with G = g {1+e 3 }

Y

_ 3—e Myr
~ 3+e Mf
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Metric formalism Il

The cosmic expansion changes the effective mass

% =Ro | mn;

1]

The growth off”(Rp) drives the cosmic speed-up. It also increases

the interaction rang ly ~ my*

Viable theories must satis e ™s < 1 < mgLE > 1 with the

expansion.

Takingl = bound to today'’s interaction rangjgen

1} > g

din f’

|2

dR

<

1+12R

— f(R) <A+B(R+R)
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Metric formalism Il

The cosmic expansion changes the effective mass

™= Ro | myrithy ~ 1|

The growth off”(Rp) drives the cosmic speed-up. It also increases
the interaction rang ly ~ my*

Viable theories must satis e ™s < 1 < mgLE > 1 with the
expansion.

Taking|l = bound to today'’s interaction rangjeen

£/ / 2 2p2
AR —1] > ey — < e~ f(R) SA+BR+IR)

Sincef’ > 0andf” > 0itis also bounded from below:
_2A < f(R) <R—2A+ 2
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L universal > — depend on the structure and
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No cosmological Vor2

< 1 In solar system scales.

constant effects
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Palatini formalism Il

= To get G,y,M; almost composition and structure independent,

@(T) must depend very weakly on.

CSIC, September 18, 2005 - p. 20/23




e About thistalk ...
e Outline

The cosmic speed-up

f(R) gravities

e Alternative to dark energy

e Two formulations

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo

Palatini formalism Il

= Toget G,y,M; almost composition and structure independent,
@(T) must depend very weakly oh.

= 0@O(T)=1n [

Q(T)

®(0)

} would break the perturbative approach.

CSIC, September 18, 2005 - p. 20/23




Palatini formalism Il

= Toget G,y,M; almost composition and structure independent,
@(T) must depend very weakly oh.

e About thistalk ...
e Outline

The cosmic speed-up

®(0)

= Q(T)=In { oT )} would break the perturbative approach.

f(R) gravities

e Alternative to dark energy [ | TO mlnlmlze the aCCeleratlon dUe mZ) (T) —

e Two formulations

| 6cp/aT ‘<<1

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

e Metric formalism I

e Palatini formalism |

e Analysis

e Summary and conclusions

The End

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 20/23




Palatini formalism Il

= Toget G,y,M; almost composition and structure independent,
@(T) must depend very weakly oh.

e About thistalk ...
e Outline

The cosmic speed-up

®(0)

= Q(T)=In { oT )} would break the perturbative approach.

f(R) gravities

e Alternative to dark energy [ | TO mlnlmlze the aCC9|erat|0n dUe mZ) (T) —

e Two formulations

| acp/aT ‘<<1

e Solar system - Vs - Cosmology
e Scalar-tensor representation

e f(R) gravities as BD-like theories
e Metric formalism |

This turns into

2 ~
o Metric formalism I ‘% << 1 <:> Rf/(R) )

e Palatini formalism |

e Palatini formalism Il

e Analysis

1?'/
f//

—1‘L2 ) > 1 With 1200 = 2o/e,

e Summary and conclusions

The End

Gonzalo J. Olmo CSIC, September 18, 2005 - p. 20/23




Palatini formalism Il

= Toget G,y,M; almost composition and structure independent,
@(T) must depend very weakly oh.

e About thistalk ...
e Outline

= Q(T)=In { oT )} would break the perturbative approach.

The cosmic speed-up (p( O)
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e Solar system - Vs - Cosmology
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for 7 > 0 andf” < 0 respectively.
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= Toget G,y,M; almost composition and structure independent,

@(T) must depend very weakly oh.

QP(T) =In { (p((oﬂ would break the perturbative approach.

To minimize the acceleration due @?(T) — | "‘P/GT

<1

This turns into

(K%p/@) 3 f

— 1‘ L2 > 1 with 12¢p) =« 20/90

If | = lengthscale at which the nonlinearities manifiasn
e \/ e

0 fR > a— S+ 8 /(1)2+(12R12+ 2 log[1?R+ /1 + (1IZR)2
for 7 > 0 andf” < 0O respectively.

0 (R <a+ K + (I2R)2 +2|° log[I’R+ /14 (I12R)?]

In the limit1’R<« 1 — 0(+R_E< f(R )<O(—|—R—|—| 2R?
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Analysis

» Metric formalism:

0 The cosmic-speed up, if due to the effects of nonlinear terms
would have modifiedy ~ m,* and affected the dynamics of
the solar system, globular clusters, galaxies,. ..

0 To prevent the growth O’h$1 with the expansion in order to
satisfy the current experimental tests:

s Palatini formalism:

_2A < f(R) <R—2A+ ZF

0 If nonlinearities exist— G,y,Ms are not universal.
0 Restricting the nonlinear terms to very high densities we:fin

a+R- & < f(R) <a+R+ 8

= Conclusion:at low R the lagrangian is almost linear and bounded
guadratically inR. Nonlinear ter ms dominating at low R cannot
be responsible for the cosmic speed-up.
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Summary and conclusions

= Data provided bysNe-laindicate that the cosmic expansion

accelerates.
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= Within the framework ofGR, the acceleration manifests the
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e Two formulations .
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Summary and conclusions

Data provided bysNe-laindicate that the cosmic expansion
accelerates.

Within the framework ofGR, the acceleration manifests the
existence of amxotic source of energgominating the energy
budget of the universe.

Gravity theories witmonlinear termgrowing at lowR manifest
self-accelerating solutions without the introductiordafk energy
sources.

Elementary solar system and laboratory experiments dirong
constrain the dynamics df(R) gravities
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Summary and conclusions

Data provided bysNe-laindicate that the cosmic expansion
accelerates.

Within the framework ofGR, the acceleration manifests the
existence of amxotic source of energgominating the energy
budget of the universe.

Gravity theories witmonlinear termgrowing at lowR manifest
self-accelerating solutions without the introductiordafk energy
sources.

Elementary solar system and laboratory experiments dirong
constrain the dynamics df(R) gravities

The viablef (R) theories can only affect the cosmic expansion
through the local energy density of the scalar degree oflree
They are almost equivalent &R plus acosmological constant
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