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Abstract: Dark matter and dark energy can be explained without resorting to exotic fields if one accepts that the geometry of spacetime is governed
by suitable generalized gravitational theories based on Lagrangians that are non-linear in the curvature of a metric and/or a torsionless linear
connection, i.e. in second order and first order formalisms. A convenient choice of nonquadratic Lagrangians can fit well most of the astrophysical,
cosmological and solar system requirements imposed by experimental results, without drastic modifications of Einstein field equations and with
FRW Cosmologies preserved as a good approximation of Nature at a global scale.
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Perimeter Institute, Canada,

24 April 2007 Standard Cosmological Model

[FRIEDMANI 19°7]

Ao Copernicus made the Farth goround the Sun.
— Cﬂsml}lﬂgl{?ﬂl prmclple oo Friedmann made the Uni~erce expand.

EA Tropp al., Alexamder & friedmamm @ the man who made fie

= FEinstein’s field equatiﬂﬂs umiverse expand (Cambridge, 19931

1
G,uy = R,u,y = iﬁf};w = STTGT:MU
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® Cosmological principle

= Einstein’s field equations

1
G,t.w — R;w == iRQ;w — SWG,—T:IIU

Stress-energy tensor of perfect fluid

1 = (p+ 'P)“f;ﬁ'“-v -+ PGuv

p . pressure
p . density of matter
ut . 4-velocity of co-moving fluid vector
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Standard Cosmological Model

[FRIEDMANN 1907]

~Ag Copernicus made the Farth goround the Sun,
oo Friedmann made the Uni~erse expand.

E A Tropp al., Alevamder 4 friedmams @ the man wiio made e
wiverse exgpand (Cambridge, 13937,
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= Cosmological principle

= Einstein’s field equations

1
G_uu — R;;,u = 539;;_.1; = STTGT:U.U

Stress-energy tensor of perfect fluid

{I_:U,LF — (30 + p)u-,uuu + PG

p . pressure
p . density of matter
u* . 4-velocity of co-moving fluid vector
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Standard Cosmological Model

[FRIEDMANN 1977]

£o Copernieus made the Barth go round the Sun,
o0 Friedmann made the Univerce expand.

EA Troppl al., dlexander A Friedmann : the man wio made the
wiiverse expand (Cambridge, 19337
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® Cosmological principle

= Finstein’s field equations

1
G;.:L-f S— Rp.u = EHQ;;_.U = BTFGT:[LU

Stress-energy tensor of perfect fluid

!I:uy — (,O + 'p)u,u'uu + PG

p . pressure
p . density of matter
ut . 4-velocity of co-moving fluid vector
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[FRIEDMANN 1977]

£g Capernicus made the Earth go round the Sun,
o0 Friedmann made the Univerce exzpand.

EA Troppl al., dlexander 4 Fredmann : the man who made the
wirherse expamd (Cambridgs, 1333)
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Penmeter Institute, Canada, =
24 April 2007 Standard Cosmological Model
[FEIEDMANN 1977]

~g Copernicus made the BEarth go round the Sun,
- Cﬁsmﬂloglca[ [Z)l‘llflll!l[lllll’,l co Friedmann made the Univerce expand.

E A& Tropplal., dlexander A Fredmann @ the man wio made the

= Einstein’s field equations universe expand (Cambridge, 1993

1
G;.w — R;..-,.u = 539;4.:; — STTGT:U.U

Stress-energy tensor of perfect fluid

{I:uu o (,O 3 P)U;gﬂ-u 5 PG

p . pressure
p . density of matter
ut . 4-velocity of co-moving fluid vector

Friedmann-Robertson-Walker metric
1

1 — Kr?
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24 April 2007 Standard Cosmological Model

[FRIEDMANN 1977]

~g8 Copernicus made the Barth go round the Sun,

- Cﬂsmologica[ pl‘il](!ipl& oo Friedmann made the Univerge expand.
3 = 3 E EA Troppl al., Alexander A Friedmann ;e man who made tfie
= Finstein’s field Equatlﬂﬂs universe expamd (Cambridge, 1333).
1 - -
G_uy — R;.-,u == 539;1.1,3 = BWGI_:U-U Friedmann equatlons

Stress-energy tensor of perfect fluid

{I:uu - (30 “p- p)u-,u’u-u g PGuv

p . pressure
p . density of matter
u* . 4-velocity of co-moving fluid vector

Friedmann-Robertson-Walker metric
1

1 — Kr2
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24 April 2007 Standard Cosmological Model

[FRIEDMANN 1977]

~g Copernicus made the Barth go round the Sun,

— Cﬂsmological pl‘il](:iplﬂ co Friedmann made the Univerce expand.
: = = = EA Troppl al., Alexander A Friedmann : the man wiho made tfie
» Finstein’s field Equatlﬂﬂs universe expamd (Cambridge, 1933).
1 ! L L
G,uu — Rp,.u o= EHQ,M.U = BWG]_:U-U Friedmann equatmns
N2 ;
w2 —[(2) — S & - E
: a 3 a?
Stress-energy tensor of perfect fluid

Ty = (P L P)“;ﬁ“u + PG

p . pressure
p . density of matter
u* . 4-velocity of co-moving fluid vector

Friedmann-Robertson-Walker metric

1
1— Kr?
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[FRIEDMANN 19°7]

L0 Capernicus made the Barth go round the Sun.

= Cﬂsmﬂlogical [I)l‘il]'l!i[ﬁ)l’l.’,l oo Friedmann made the Univeroe expand.
- : = Z EA&Troppl al., Alexander A friedmann ;e man wio made tfie
= Einstein’s field equations universe expand (Cambridge; 1993
1 ! - -
Guv = Ryp — —Rgupy = 8nGT Friedmann equations
7, e e K
H2 = E = I (.:r i
; a 3 a2
Stress-energy tensor of perfect fluid

p=wp, p=nrna S>tw)
= —1 wvacuum

0 dust

radiation

.{ITU,L? - (,O -} 'p) U,y 0 PG

p . pressure
p . density of matter
ut . 4-velocity of co-moving fluid vector

e o,
E E =
Lud|

Friedmann-Robertson-Walker metric

1 ; _ .
Wdrﬁ + 2 (d8° + sin?(8)do7)
=" 'I|"'l— s
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[FRIEDMANN 1977]

g Copernicus made the Esrth go round the Sun,

— Cﬁsmﬂlﬂgical pl‘il](:ipl& co Friedmann made the Univerce expand.
= _ = i EATropplal., Alexander A friedmann e man who made tfie
= Finstein’s field Equatlﬂﬂﬂ universe expamd (Cambridge, 1933).
1 L -

Guv = Rup — EHQW = 8nGT v Friedmann equation

i 2 S K

H?Z2 = ¢ - = e

; a 3 a2

Stress-energy tensor of perfect fluid

e — —3(1+w)
o . p=uwp, pp=ra
Ty = (p+p) Uy + PG
u —1 wacuum
P . pressure {:r' 0 dust
p . density of matter w =% radiation K=0

ut . 4-velocity of co-moving fluid vector

2
Gf(t) — C(T;.'? -“__J_.' h‘) I‘-E{”‘_{Fl)
Friedmann-Robertson-Walker metric

| 1 o .
= —diZ+a° dr® 412 {{:"HE + SIHQ(H]Q’-,:“)

1 — Kr2 /
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24 April 2007 Standard Cosmological Model

[FRIEDMANN 1977]

~g Copernicuz made the Earth goround the Sun,

= Cﬁsmﬂlﬂgical pl‘il](!ipl& 2o Friedmann made the Univerge expand.

= = = _ EA Troppl al., Alexander A Fredmann e man wio made tfie

= Einstein’s field equations universe expand (Cambridge; 1993
1 L L é
Guv = Rup — ERg,u..u = 8nG1 Friedmann equations |
D , ; |
o foy B, B
: a 3 a2 |

Stress-energy tensor of perfect fluid

p=up, Qp=na 3T |

{Ijuv - (;O " p)u,u'uu 5 PGuv |
u —1 vacuum |

p . pressure {::' 0 dust |

p . density of matter radiation K=0 |

ut . 4-velocity of co-moving fluid vector 5 !
a(t) = C(n,w, k) t3(w+l)

Friedmann-Robertson-Walker metrie |

1 GlE =1, %:] =0 el Sl

o 2 2 e, 2

- i——_ﬁdf —i_ F (,-f.qu + 5N (H}{ET..- ) H o ‘
= Wi f > —1 e = [—145 —(0.74]

o %
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[STANDARD MODEL] [Spergel 2003, Perimutter 1999]
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e Modified Cosmological Models

Gp{y = (8’}TG Ty = Tup
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remeersine coak. Modified Cosmological Models

G.UV — (87TG Tuw = T

Dark Energy and A
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e Modified Cosmological Models

G‘uy — (BTTG Ty = Tp.u

Dark Energy and A

o Cosmological constant (A)
o Time varing A

o Scalar field theories

o Phantom fields

o Phenomenological Theories

o Exotic matter
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e Modified Cosmological Models

Alternative Gravitational
Theories

[Stamobinslsy; 1950], [Capozaelle 2002] | [Caredl] 2003]

Dark Energy and A

o Cosmological constant (A)
o Time varing A

o Scalar field theories

o Phantom fields

o Phenomenological Theories

o Exotic matter
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e e Modified Cosmological Models

G.u_y — G‘uy (87TG @ -T,u,}/ = Tp.u

Alternative Gravitational
Theories

[ Starchinslkey; 1980], [Capazzello Z00Z), [Carrall 2003]

WHY?

Dark Energy and A

o Cosmological constant (A)
o Time varing A

0 Scalar field theories

o Phantom fields

o Phenomenological Theories

o Exotic matter
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e Modified Cosmological Models

G;.IL’ — G‘{IL’ (BWG @ 'Tﬂy = 'TJ.,{LL»'

Alternative Gravitational
Theories

[ Starobinsley, 1980], [Capozaello 2007 | [Carrall Z003]

WHY?

0 QFT on curved spacetimes

Dark Energy and A

o Cosmological constant (A)
o Time varing A
0 Scalar field theones
o String/M-theory corrections
o Phantom fields
o Brane-world models
o Phenomenological Theories

o Exotic matter
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e Modified Cosmological Models

Gi”'y — G‘uy @ (BWG 'Tp,u =¥ 'T:,L.'.Lf

Alternative Gravitational
Theories

[Starobenskoy, 1980], [Capozaello 2002, [Carrall Z003]

WHY?

0 QFT on curved spacetimes

Dark Energy and A

o Cosmological constant (A)
o Time varing A

o Scalar field theories
o String/M-theory corrections
o Phantom fields
o Brane-world models
1 o Phenomenological Theories

s — o Exotic matter
R. RMY R,uvn RHvas H;wn{ir R_!R,

Cwrvature invariants should be taken into account
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e Modified Cosmological Models

G,EI-I! — Gp.y @ (BWG @ .T”U = 'Tﬂ.b'

Alternative Gravitational
Theories

[Starobnsksy, 1980], [Capozaello Z00Z], [Carrall Z003]

WHY?

0 QFT on curved spacetimes

Dark Energy and A

o Cosmological constant (A)
o Time varing A

o Scalar field theories
o String/M-theory corrections
o Phantom fields
o Brane-world models
1 o Phenomenological Theories

R, R*R,,, R**SR,,.q. ROIR, 0 Exofic matter

Cwrvature invariants should be taken into account
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We do not suitably understand gravity at large scales
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Perimeter Institute, Canada, = [Buchdahl, 1960
24 April 2007 f( R) GraVIty [Francavigha & al . 19371990 ]

A= ngau R e —— /(\/Ef(ﬁ') + 2bms)d = Action functional

Metric formalism: field equations

f’(R(ﬂ))Fi‘,u,.-(g)-%f(ﬁ(y))ﬂw@f(R(ﬂ))+ymﬂ.f’(R(H)) T ._.,61
g

Higher order Gravity (4t)!

Properties and problems:
Q(t)«::{] [Capamslla; S00E]

We<-1
e Newtonian limit 1s recovered

« f(R)=R+AR {

 Nice fitting with [a-Supernovae data
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Femee s Modified Cosmological Models

Bl = @ (8nGG Tuw = T

Alternative Gravitational
Theories

[ Starcbinslyy; 1980], [Capazaelle Z00Z] | [Carrall Z003]

WHY?

0 QFT on curved spacetimes

Dark Energy and A

o Cosmological constant (A)
o Time varing A

o Scalar field theories
o String/M-theory corrections
o Phantom fields
0 Brane-world models
1 o Phenomenological Theories

R, R!{;UE{HU' Rﬂyﬂjﬁﬂv”lj, R:!R, O EXOUC maftier

Cwvature invariants should be taken into account
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Penmeter Institute, Canada, = [Buchdahl, 1960]
24 April 2007 f( R) G rav 'ty [Francaviglia & al., 1987.1990, ]

A = Af;;rav £ e — /(\/Ef(ﬁ’) + 2kbms)d Action functional

Metric formalism: field equations

1 i
f!(f?(f]))ﬂm(ﬂ)-af(ﬁ(:}))gw@f(R(U))"I‘{;‘;uEI@: HT}W q—pdi
9

Higher order Gravity (4th)!

Properties and problems:

1 q(t)<0 [Capomello, 2002]
’ f(R) o [Carroll, 2003]
wef = |

e Newtonian limit 1s recovered

 Nice fitting with Ia-Supernovae data
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Perimeter Institute, Canada, = [Buchdahl, 1960]
24 April 2007 f(R) GraVIty Fiascaviglin G 4. 19871990, ]

A= A{;rav + Azt = / (Vaf(R) + 25Lmat)d’x Action functional

Metric formalism: field equations

.f’(R(ﬂ))Rm.-(g)-%f(f?(s;))gw @f(ﬂ(y))ﬁ-g;mif@: 5 R g
9

Higher order Gravity (4t)!

Properties and problems:

q( t){{] [Capozziello, 2007]
[Carroll, 2003]

e {(R)=R+AR ‘[
1|i|‘“"'TF:fi"“‘r_:l
o Newtoman limit is recovered

e Nice fitting with [a-Supernovae data

e Solar System test incompatibility [chite Phys Let B575 (2003)]

e [nstability problems of gravitational field [Delgor. Rawasaki Phys Let BS73 (2003)]
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Perimeter Institute, Canada, = [Buchdahl, 1960
24 April 2007 f( R) G raVIty (Rrancavishia & &l , 1987.1990....]

A = Aérav + Ariar = /(\/Ef(ﬁ’) + 2k Lma)d™x Action functional

Metric formalism: field equations

f’(R(.@))Rm.-(g)-%ftff(g))gw@rcﬂcgnmwt:f@ pa—
9

Higher order Gravity (4th)!

Properties and problems:

q( t){{] [Capozziello, 2007]
[Camroll, 2003]

e {(R)=R+AR ‘[
w&ff{_l
o Newtoman limit 1s recovered

» Nice fitting with [a-Supernovae data

e Solar System test incompatibility [chita Phys Lot B575(2003)]

e [nstability problems of gravitational field [Delger, Rawasaki Phys Let BS73 (2003)]

e Polynomial LLagrangian are realistic models [odintsor & Mojin, 2003]
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e Palatini Formalism in f(R) Gravity |

3 Field |
"(R)R(uy(T) = LF(R)guw = KT > = - |
j ( ) {;m]( ) zf( -)Q;.:.u — Koy Lig equatmns

0

& A [ |
V.(/af (R)g") =0 =« - |

Vollick Phys Fev DGE, 2003]
Hlanaean COQG 21, 2003]

Mene& Wane COG 0. 2003]
o  E £ 1
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e Palatini Formalism in f(R) Gravity

1 5  Field

CENR, A ) — =R — kT, «—»—

FIIR) Ry () :2f( )guw = KT dg = l‘4::,-1‘1{‘;211::»noln-:arr{har]i'mﬂ:l(l
. d tion:

Va(V/af'(R)g") =0 - i e
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[Vollick Phys Rew DGE, 2003]
[Flanagan CQG 21 2003]
[MengdeWane COG 20, 2003]
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P e % Palatini Formalism in f(R) Gravityi

. 5 Field
"(R)R M —=f(R — i
f'(R) {ﬁ”’}( ) 2f( )G = KT dg & ggnnol“ﬂr(ler field
5 d uations
Vi(vaf' (R)g") =0 < ar
Bi-metric conformal structure of spacetime, i.e. solving field equations:

hyw = f(R) g < ~F =T olh)

[ollick Phys Rev D68, 2003]
Hlanagan CQG 21, Z003]
Meng&eWang COQG 20, 2003]
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e Palatini Formalism in f(R) Gravity

: 5 Field
'(R)R F1—=ft i = k1, +>
F(R) Ry (T) = 5 F(R)guv = KT dg e e el
0 tion:
Vo(vaf'(R)g"™) =0 + " or e
Bi-metric conformal structure of spacetime, i.e. solving field equations:

h,u.-ﬂ — f;(R)Q’;:u" > [ = rL—(_'(h)
Structural equation

f(R)R — 2f(R) = wr

T=Tuwg" =3p—p

follick Phys Bew Do8, 2003]
Hlanaean CQG 21 Z003]
Meng&Wane COG 20, 2003
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Perimeter Institute, Canada, = [Buchdahl, 1960
24 April 2007 f(R) Grav ity Prapcaviglin & .. 19871950, )

A = Aérav ) . / (Vaf(R) + 26Lmat)d x Action functional

Metric formalism: field equations

f’(f?(ﬂ))f?;w(g)-%f(ﬁ’(y))ﬂw@f(R(y))+9p£f’(-f?(f})) AT "'—"'“ai
)

Higher order Gravity (4th)!

Properties and problems:

1 g(t)<0 [Capozmello, 2002]
’ f(R) SR [Carroll, 2003]
wﬂff{_ 1

e Newtonian limit 1s recovered

» Nice fitting with [a-Supernovae data
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Perimeter Institute, Canada, = [Buchdahl, 1960]
24 Apnl 2007 f( R) G rav Ity [Rrancaviohia & 4l , 1987.1990, ]

A= Aé’rav 4+ At = /(\/gf(g) L Pl )d = Action functional

Metric formalism: field equations

.f’(ﬁ’(ﬂ))r’?;.e.-(g)-%f(f?(y))gw@f(fi’(y))-l-y;wa@: 7 P ;
9

Higher order Gravity (4th)!

Properties and problems:

q(t){;{] [Capozello, 2007]
[Camroll, 2003]

e f{(R)=R+AR ‘[
w&ff{_l
o Newtomian limit is recovered

» Nice fitting with [a-Supernovae data

e Solar System test incompatibility [chite Phys Lett B575 (2003)]

e [nstability problems of gravitational field [Delgev, Rawasaki Phys Let BS73 (2003)]
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Pernmeter Institute, Canada, = [Buchdahl, 1960]
24 April 2007 f( R) G rav lty FRrancavishia & &l , 19871990, ]

A = H“érw Ay = /(\/Ef(ﬁ’) + 2kbmas)d’ ® Action functional

Metric formalism: field equations

Fi( R(ﬂ))r’?ﬁp(y)-%f (R(9))gm @f(f?(y))-l-gw;f’( R(g) D= ~T}w 4_,;
G

Higher order Gravity (4t)!

Properties and problems:

q( t){{] [Capozello, 2007
[Cazroll, 2003]

e f{(R)=R+AR1 ‘[
1""":alff‘::_l
o Newtoman limit is recovered

» Nice fitting with [a-Supernovae data

e Solar System test incompatibility [chite Phys et B575 (2003)]

e [nstability problems of gravitational field [Delgev, Rawasaki Phys Lett BS73 (2003)]

e Polynomial LLagrangian are realistic models [odintsor & Wojin, 2003]
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Faneer e cod- Palatini Formalism in f(R) Gravity |

3 Field
(R)Rpuy(F) = L F(R) g = KT +—> i
f( ) I'Uuzr}( ) 21( -)Q;.:.u — KAy f_’;(}' equatmns

0

Vo(Vaf'(R)g") =0 > 50

Vollick Phys Rev DGE, 2003]
Hlanaean COQG 21, Z003]

Meng&Wane CQG 20, Z003]
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24 April 2007

Palatini Formalism in f(R) Gravityg

5 Field

"(R) Ry (V) — 2 F(R) g = kT 5 lops
f'(R) (;H-}( ) 21( )g”’ e ag eguﬂtl?lngrderﬁeld

eCcon

! L1 — ﬁ ti ;
Vo(V/af'(R)g") =0 - s e
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[Vollick Phys Rew DGS, 2003]
[Flanagan CQG 21 2003]
[MengdeWane COG 20, 2003]
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Fenmee e Palatini Formalism in f(R) Gravity

5 Field
LRIRe ik F R — iy
FICR) Ry ( f( )guw = KT dg CquAtis der fleld
: d uations
Vilvaf' (R)g") =0 < “5r
Bi-metric conformal structure of spacetime, i.e. solving field equations:

h,u.y — ff(R)g#U‘ [ = rL—C(h)

Vollick Phys Rev DGS, 2003]
Hlanagan CQG 21, Z003]
Meng&Wang CQG 20, 2003]
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e Palatini Formalism in f(R) Gravity

. 5 Field
"(R)R;, (M) —=f(R = kT, > — -
f(R) R (T) 2f( )G = KT dg E%lelgglll?ln{?rder field
= 9 uations
Vilvaf' (R)g*) =0 < e
Bi-metric conformal structure of spacetime, i.e. solving field equations:

h,u.y — f!(R)g;w“' o rL_(_f(h)
Structural equation

f(R)R—2f(R) = kKT
T M =3p-p

F—Luel

Vollick Phys Rew DES, 2003]
Hlanagan COQG 21 Z003]
Meng&e Wane COG 20, 2003
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s Palatini Formalism in f(R) Gravity

: 5 Field
“f R R : I_ _ L R e "T ., - .
F'(R) Ry (T) zf( )G = KT dg = g:‘:lﬂnolnﬂrder field
i d uations
Vi(vaf' (R)g) =0 < “5c
Bi-metric conformal structure of spacetime, i.e. solving field equations:

h;.w — f;(R)g;W‘ > [ = r[-—Cf(}!)

Structural equation

; - Algebraic equation controlling =)
f(RR—2f(R) = kT | !
=T, =3p—p the solutions of field equations { f ’T—J}_ ffF; ) = f}:
F ity = F LEyTI = §1T)

Vollick Phys Rev D68, 2003]
Hlanagan COG 71 Z003]
Meng&eWane CQG 20, 2003]
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e Palatini Formalism in f(R) Gravity

: 5 Field
IR.R”J Y —=B — kT, —»— C 1
FR)Ruy(T) = 5 F(R) g i og 'eg'élgzc‘i-lll?ln{?rder field
VI(yaf (R)g™) =0 = i e
Bi-metric conformal structure of spacetime, i.e. solving field equations:
h,u.y — f!(R)g;w“' =l = rf_(“f(h)
Structural equation 501}}@??5_
' Algebraic equation controlling =
f(RR—2f(R) = kT _ I
r=Twg" =3p—p the solutions of field equations {ﬂ R} = f(F(T)) = F(r)
= iRl = FFtsY) = {7

Generalized Einstein equations

= LAk 1 ; o1/ R
.f (R)g .Rt.t,u(h) — 5.}‘(}?)0# s H-,gf ”I_[,"_f_

i 1 j-(R) "if h Lrex
=2rm Tt

Vollick Phys Rew DGS, 2003]
Hlanaean COG 21, Z003]
Meng&Wane TG 20, Z003]
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reme e Palatini Formalism in f(R) Gravity

. 5 Field
IRRWF-— R — kT, > — : :
PR B zf( Y9uv a og _'E%légglll?ln(?r(ler field
/ 9 | uations
Volv/af'(R)g") =0 = " or =
Bi-metric conformal structure of spacetime, i.e. solving field equations:
h.ﬂ-b’ — f-(R)Q;w* ol e FL_@(h)
Structural equation 501}}1?_1??5_]
r Algebraic equation controlling =
F(R)R - 2f(R) = st | i
r=Twg" =3p—p the solutions of field equations { :,:IT}_ ’F;F;n_l }___ﬂf TL"T,

Generalized Einstein equations

4 LA 1 ; L LAy
j (R)g .thﬂ(h) o 51(R)0'u — g I.t,’.t
1 f(R) B on
PY — 5 Ly i
“=2r@ T Fm

Modified Friedmann equations: g=FR'W; T=perfect fluid

R_u'.u(h-) = P;grw

[Vollick Phys Rew GE, 2003]
_ f 5 . J,t( ) - . i [Flanaean COQG 21 Z003]
- il #) B Ol T | % S 4 =
B o : - Mene&Wane COG 20, 2003
Pirsa: 0704(0-628 = (_ = i | £ + flE== [Meng B ]
34'!'.3 [
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e e Palatini Formalism in f(R) Gravity

5 Field
"(R)R(, (I R)guy = KT <5
: ( ) {ﬁ }( f( )gm £ g‘e‘%:‘i-lllolnﬂr{ler field
a
Vo(vaf'(R)g") =0 = " or S
Bi-metric conformal structure of spacetime, i.e. solving field equations:
hyw = f!(R)Q;w“' o B — I_L—C(h)
Structural equation 501}}12.1_0!1}.5_
FIR)R —3f(R) = &r Algebraic equation controlling S
r=Tuwg" =3p—p the solutions of field equations {.ff.:'?'l = HIFE) = Fir)
FIR) = F(FGN = £(7)

Generalized Einstein equations

f'(R)g"" Rayu(h) — —f(ﬁ’)f’p = kg Tap

g LAY
“ T2 f(R) & I (R)
Modified Friedmann equations: g=FRW; T=perfect fluid

— R, (h) = P gav

"""i:"'
L

Vollick Phys Rev DES, 2003]
Hlanagan CQG 21 Z003]

K
: <5 2 : [
A2 = (”_!_ h) - [,o f(r )+*’“] K [Mens& Wans CQOG 20, 2003]
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Penmeter Inst.itute, Eanada. Adva ntages Of I
24 April 2007 L i
Palatini Formalism

e Second order field equations;
e Absence of Divergences;

e Easy interpretation and solutions of field equations: possibility to find
exact solutions;

e Nice accordance with experimental Data (Acceleration of the Universe);

» Accordance with Solar System Experimeg

e Hamiltoman mechamcs-like theory;

e Prediction of Inflation:

e Cosmological perturbations and

formation of large scale inomogeneities;
[Koivisto 2003]

* Physical interpretation of conformal
Transtormations;

Pirsa: 07040028 . . . . -
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e Second order field equations;
e Absence of Divergences:

» Easy interpretation and solutions of field equations: possibility to find
exact solutions;

e Nice accordance with experimental Data (Acceleration of the Universe);

» Accordance with Solar System Experimeg

e Hamiltoman mechamcs-like theory;

e Prediction of Inflation:

» Cosmological perturbations and

formation of large scale inomogeneities;
[Koivisto 2003]

» Physical interpretation of conformal
Transtormations;
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Fermee s Palatini Formalism in f(R) Gravity

. 5 Field
(R)R¢,uh(IN) —=f(R = k1, =
F(R) R 2 (R)gus o S ey el
a
Vo(yaf'(R)g") =0 + " or m——
Bi-metric conformal structure of spacetime, i.e. solving field equations:
h,u..lf — fr(R)gpu“' Sl rL_(“f(h)
Structural equation 501}}@?2
’ Algebraic equation controlling S
f(RR—-2f(R) = kT _ =
r=Twg" =3p—p the solutions of field equations {.ff.:’?l — f(F(7)) = F(r)
e FiiRY= NF¢) ) =517

Generalized Einstein equations

3 (R)gf “Rw(h) — —f(R)d;g = hg!mTr.m

v _ LER) e
PL’ f— P' LTER W
= 2F@ T T

Modified Friedmann equations: g=FRW; T=perfect fluid

—> R,,(h) = P gaw

Vollick Phys Rev DES, 2003]

5 Hlanaean COQG 21 Z003]

[}
. B f(r) + K [

(1 T KT 12 CO o
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e Second order field equations;
» Absence of Divergences;

e Easy interpretation and solutions of field equations: possibility to find
exact solutions;

e Nice accordance with experimental Data (Acceleration of the Universe);

» Accordance with Solar System Experimeg

e Hamiltoman mechamcs-like theory;

* Prediction of Inflation:

e Cosmological perturbations and

formation of large scale inomogeneities;
[Koivisto 2003]

* Physical interpretation of conformal
Transtormations;
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Perimeter Insttute, Canada,

21 April 2007 Cosmological Models

e Pure powers and polynomial Lagrangians

f(R)y/g = BR"\/g

gln,w) = 3(1"“2”;:}_?”
' - w=0=qg(n.w) <0&
Wepp=—14 43 = Rl

e [ogarithmic Lagrangians
f(R) = aIn(3R)

Early time universe ¢(t) ~ 3(w + 1) — 2 decelerating

. { Late time universe ¢(t) = —1 de-Sitter accelerating

Pirsa: 07040028 Page 73/96




Pernimeter Insttute, Canada,

21 April 2007 Cosmological Models

e Pure powers and polynomial Lagrangians

f(R)y/g = BR"\/g

Q(Tl u?) — 3(1+w)—2n
" e w=0= ) <0 <005 D
Wy =1+ oh 2 = wepp < —1

e [.ogarithmic Lagrangians
f(R) = aIn(3R)

5 Early time universe ¢(t) ~ 3(w + 1) — 2 decelerating
Late time universe ¢(t) = —1 de-Sitter accelerating

» sh''(R) Lagrangians

6
Ry—R -
F(R) sinh(R)
H? =~ =1
Pirsa: 07040028 { Page 74/96
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resmeer it Conda,—— [RICCI-SQuUAared Lagrangians

24 Apnl 2007 (Palatini formalism)

A= Agray + Amar = f( v/ et gf(S) + 2kLmat(W))d
EEH.U:TIONS 2_}”('-_;);; ?H{;.'.cu}(rj R[ fj-'J{I_) o éf{:.;)g;w = F‘:?_,'[Hf'
VE(y/det gf'(8)g#* Rens(F)g™) =0 e Action functional

e Bi-metric structure
Vdeth '’ = y/detg f'(9)g"" Ri,5)(I)g”" = [ = (h)

e Scalar structural equation

e F

j_,l:::)br - f(i:ﬂ.'} — 5!}51.'5-?:r_j. = E-"

{108) = SFEN = 1)
F(8) = FF@) = f(7)

» Generalized Einstein equations

Pirsa: 07040028 Page 79/96




resmeer i, Caada,—— [RICCI-SQuUAared Lagrangians

24 April 2007 (Palatini formalism)

/ :
A = Agray + Amat = /( \ detgf(S) + 26Lma (W))d*x

Eﬁ%:ﬂﬂﬁs 2}-:(5)9;; 1 H{I*’-“}(r) .H_,.r Zer) {[—j — é‘f'(l"‘;)g;”, = f-.;T;r_F
VI(y/det gf'(5)g“° Reasy(M)g?) =0 e Action functional

e Bi-metric structure
vVdeth i = y/detg f'(5)g"" Ri,3(7)g” el [ = (h)

* Scalar structural equation
F(S)S = £(8) = 54" Tos = o7
{f(f’") = f(F(r)) = f(r)
%51 = FAEE)) = (%)
» Generalized Einstein equations { f; j ;* j 3,: ?:
2 1 K 7 = : Y —

P = Vi
270 T 3p)

Pirsa: 07040028
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resmer it Coada,—— [RICCI-SQuUAred Lagrangians

24 Apnl 2007 (Palatini formalism)

A = Agrav + Amat = f( v det ﬂf(br) -+ 2*‘££mat(w))ddf

E:%:HQHE { 2Jll ('j)g H{;J.c (FJHI‘ 3 ) {r:] o é.f(H)HJ.rF == KT;:-J;

VE(y/det gf'(8)g" Reas(F)g?) =0 e Action functional

* Bi-metric structure
Vdeth i = (/detg f'(S)g"" R, 5(7)g” el [ =; (h)

e Scalar stru{,mml equation

F

PSS — (5) = ¢ Tas = o7

{f&y—ﬂftn~f&)
F(S) = F(F()) = f1(7)

. ucnerahzed Einstein equatlons {

2

T

Ry (h) =

g,uf:r

S)
4.!"(5) Q.f’(b')

Pirsa: 07040028
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reimeer it Conda,—— [RICCI-SQUAred Lagrangians

24 Apnl 2007 (Palatini formalism)

A = Agray + Amar = f( y/ det gf(S8) + EHLmat{w))d4~'1'

E%:TIDNS er(h)gt 1R{ﬂ-“}(r) H': ‘:E“J(r) - éf(h.)g;w = F":T_;.I'-J«'
Vi(y/det gf'(S)g** Ripsy(M)g™) =0 e Action functional

 Bi-metric structure
Vdethh'" = y/detg f'(5)g"" Rio3)(M)g” ey =T _(h)

e Scalar st:rucmral equation

[

PSS —1(5) = 29 Tos = 57

2
{f(ﬁ)——fiff-))—ﬁf(f)
F'(8) = FF(7)) = fi(r)

. Generalizeé Einstein r:-:quations {

FS)IT + - | 1)1 (h) = P Gpua

Pr=

<t ( ) 2:”(“')
e Generalized Friedmann {—:-quations (g=FRW, pertect fluid)

:h(eriag '.'.I:II[.'[:I) F_'E — _Ear 42 :r;r..jiilﬂzlf_ﬂ_\j
1 — K2 .
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resmeer it Conda,—— RICCI-SQuUAared Lagrangians

24 Apnl 2007 (Palatini formalism)

,!l — ;':].grau _!_ ;I'lma[ — /( \u,.’ dEt gf(br) + EHLmat(W))d.q-T

Eﬁr{iﬂ.ﬁ:ﬂﬂﬁs 2}"'(:—_,‘)9-": iR{If-ﬁ}(r) Hl: f:fZI{r) f{‘"’)ﬂ; - T';n
Vol v’”'dEt af (5)g"* R, (M)g™) =0 e Action functional

o Bi-metric structure
Videth b = /detg f'(9)g"" R.5)()g"" el = (h)

e Scalar structural equation

ke

f(5)8 = f(S) = 59" Tag = 57

{19 =1k =
F(8) = FF) = £(7)

@ ucnerahzed Einstein equﬂmns {

Pz
7 O 57

e Generalized Friedmann equations (g=FRW, perfect tlmd)

P=F =g"Ri.
T — T;‘H — :_:jyﬁT

—.' R, (h) = P, gua

— Rr? e(t) = "q _.,__.;'

Rl

huw = b(t)Diag (“EDC(f) i Lear?a’. ear2a” sin E(H)) {h(” = .g‘u- *f( M () + 2mplE[f(r) — 2wp]
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reimeer it Conda,—— RICCI-SQuUAared Lagrangians

24 Apnl 2007 (Palatini formalism)

;1 f— ;':.!.gra'._.' _!_ ‘1,-;-,&-[ — /( 5 dEt EJJF(.H) + 2!‘1: Lmat{w))d4.1'

E%:HONE QII(HJHE {H{I"-“}(r) H{ "T'J{r} - éf(ﬁ)ymr = F';T:Er-af
VI (/det gf'(5)g" Riasy(M)g™) =0 » Action functional

o Bi-metric structure
Videt h " = y/detg f'(5)g"" R.5)(7)g"" e =T (h)

e Scalar struc’fural equation

[

f5)8 = 1(S) = r;”!’f:—.-

2
{J(f’) = Fi= )) = (=]
TSN = PAEXT ) = J{7)

e Generalized Einstein equations {

P2
4 (::)f( s )

e Generalized Friedmann equations (g=FRW, pertect flmd)

L=

¥ Pl = gl R,

— s
f &

(1)

) e RP“" (h) — gHﬂr

~)

hye = b(t)Diag (@c(t), I@%@r?az@%ﬁ sinﬁ(a)) {ﬁ(ﬂ' = x-"'?f’{ D)+ 26p)3 [f (r) — 2p)?

Pirsa: 07040028
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6\ /F(OUGE) —2x0] Signature Chan®irre




{ b(t) ~ g~ 30+w)(1-2)
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* MFE and cosmological parameters

fi’%sa-—GWO oozs) =egP(n.wina = —ee1@Q(n, w)Ka = Page 86/96




« Pure power Lagrangians

MIFE and cosmological parameters
- 3 +w)
4n.

{1- +"u_) Page 87/96

o 2
g gy e i mt 3
T boesren)—t




Pernimeter Insttute, Canada,

24 April 2007 Conformal Transformations

e Scalar tensor theories (NMC)

= e . = =
= / d x/—qg [f’_[win + ‘—)_rj’”'Ir_-J._I“r:'l-__.-, — 1 ':f'}]]

G = E2Fg,, = —2Fg,, <= Scalar factor

PR , _ 1 1 : - :
vV —a (f- R+ —g" @y — | ) =~ (—‘—}H t=oner — ) Einstein frame

e Alternative theories of Gravity (FOG)

A= /m.;- v —af(R).

g=Lin| F(R) _ Scalar factor

1"4-'.. .rllf ‘.r ! f}_ | \r."' 'II"||I ( 5 .lrl) + 5 f_.-";, ¥ "_"1: l'- ) Einstein ﬁ-ame
I:F("}('.' T -l'-r:-."\-" |5 I:Jf'.-".r'-__
FOG Eqs. —— NMC Eqs. ——  Einstein Eqs.
Pirsa: 07040028 i s . Page 88/96
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e Palatini Formalism and
24 Apnil 2007 .
- Conformal Transformations

e Palatinmi transformations tor non mimmally coupled theories

Bi-metric struct.

Az = / V=g [K(¢.R)+ T; &% =iy < A (T, T)|d*r

el B

: dk{o. R)
h-,u.rf = p I Hup
JR

FIELD

FOERDOS | | S50 Ry — S K (0. R)guw = s[Ths + T2 R = 0 Limit
E ! __ [ A ¥ -I=:"'. .f. A el
Tf* (*-,-" q J_“_';.::.ﬁ bl g .J — ) .F;_P.;., = f”g-:_-}:lmw

/I/\

 Einstein frame for cosmological applications: FRW metric
1

o - ol . y Ly P o - A i) g
Jr_-_._.a — !'i_.!‘ lolga” + E'h{',_-.l.r_' T~ e — EH’ [ )it ]r‘ll, - ‘;.I'.I'".f,'J" — [em)e

i

i =/—2E(d)a

) ’H _ \' jF;; — F **’# [- Intrinsically
E = defined in the
Palatini formalism

df = _.E_f“'.:-_l dt.

\
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