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Abstract: We show that the current accelerated expansion of the Universe can be explained without resorting to dark energy. Models of gen
modified gravity, with inverse powers of the curvature can have late time accelerating attractors without conflicting with solar system experir
We have solved the Friedman equations for the full dynamical range of the evolution of the Universe. This allows us to perform a detailed a
of Supernovae data in the context of such models that results in an excellent fit. Hence, inverse curvature gravity models represent an ex:
phenomenologically viable models in which the current acceleration of the Universe is driven by curvature instead of dark energy. If we f
include constraints on the current expansion rate of the Universe from the Hubble Space Telescope and on the age of the Universe from
clusters, we obtain that the matter content of the Universe is 0.07 <= omega_m <= 0.21 (95% Confidence). Hence the inverse curvature
models considered can not explain the dynamics of the Universe just with a baryonic matter component.
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The Cosmic Pie

+ Combining cosmic
microwave
background,
Supernovae and
large scale structure

observations:
Energy WMAP, 5CP, High-z,
75% SNLS,..., SDSS, 2dF,
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 Supernovae Measurements

+ SNe allow
measurement of
distance - redshift
relation at large
redshifts: The
expansion of the
Universe is
accelerating !

Perlmutter et al.; Riess et al.;
Knop et al.; Astier et al.
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Cosmological Constant
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'_f"f-i-'é-'i"#S:i‘mp-lest explanation; consistent with
SNe, CMB, LSS, clusters of galaxies, ...
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o Dark Energy

~ simple fluid: p = wp

"~ Deceleration parameter (flat Universe, only DE):

ap 1+ 3w
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Dark Energy

L

= _-simple fluid: p = wp

“ Deceleration parameter (Rat Universe, only DE):

ao 1 + 3w
HO 2

Hence accelerated expansion for w<-1/3, i.e. violating
strong energy condition !

qo =
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Dark Energy
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= ys’impie fluid: p=wp

" Deceleration parameter (flat Universe, only DE):
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HO 2

Hence accelerated expansion for w<-1/3, i.e. violating
strong energy condition !
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Quintessence

| i | 1A =07 —>ppx~100¥ev=10""4 M;;

£ b - Dynamical dark energy
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Quintessence

J o QA =07 —pa 10748 eV = 10712 MY

Dynamical dark energy

TR L

Vigh= 107 My
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Yigh )= 100

Vighx 10"/ my
- [}

Quintessence

T =07 —pa~ 1000 eV =107 M

Dynamical dark energy

Equation of state of scalar field:

39° —V(9)
29% +V(9)

) =
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R Quintessence
1stt'ry (Wetterich, Ratra and Peebles 1988, Ferreira and Joyce 1998):

e V(¢) = e 2¢/Mp
attractor, hence NO FINE TUNING required !
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S Quintessence
1sttry (Wetterich, Ratra and Peebles 1988, Ferreira and Joyce 1998):

V(¢) = e *¢/Mp

attractor, hence NO FINE TUNING required !
but: attractor in regime: Q, < Q!
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SN Quintessence
- 1Isttry {(Wetterich, Ratra and Peebles 1988, Ferreira and Joyce 1998):
—_F: V(‘i’) —30 —A@ /My,

attractor, hence NO FINE TUNING required !
put: attractor in regime: Q< Q_ !

2nd try (Steinhardt, Caldwell et al. 1998):

V(g) = Mie M/ . V(¢) = M*e/g™
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D:fferent Quintessence
Models

scalar field dark energy models (quintessence)
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Drfferent Quintessence
Models

scalar field dark energy models (quintessence)

Do e e
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All models
ad hoc
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scalar field dark energy models (quintessence)
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but maybe somethingom
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S | Drfferent Quintessence
Models

scalar field dark energy models (quintessence)
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i Drfferent Quintessence
Models

scalar field dark energy models (quintessence)
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but maybe something completely different ...
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B0 fMaybe gravity is standard at short distances...

L
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but gets modified on large distances ...
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 New Gravitational Action
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e el




 New Gravitational Action
/ Sp_n = orc J V—9Rd'z

Einstein Gravity has not been tested on
large scales (Hubble radius)
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: -"‘_New Gravitational Action

Einstein Gravity has not been tested on
large scales (Hubble radius)

But in general:
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~ New Gravitational Action
i SE-H = 157¢ | V—9Rd'z

Einstein Gravity has not been tested on
large scales (Hubble radius)

But in general:

S = Lo [ \/=gF(R, Ry R", Ryypo R**°, ...)d%z

Simple approach: F(R) = R+mR"
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-+ Well known for n>1 — early de Sitter
€. g Staroblnsky (1980)

+ Irl_terest here: Late time modification
- = n<0 (inverse curvature)

"
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+ Well known for n>1 — early de Sitter
< 8. Staroblnsky (1980)

+ IrtterEs't here: Late time modification
~ = n<0 (inverse curvature)

——r

+ modification becomes important at low curvature

and can lead to accelerated expansion
Capozziello, Carloni, Troisy ('03), Carroll, Duvvuri, Trodden, Turner ("03),
Carroll, De Felice, Duvvuri, Easson, Trodden, Turner ('04)]
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+ Well lmown for n>1 — early de Sitter
£, g Starobmsky (1980)

_;__"_.+ Interest here: Late time modification
= n<0 (inverse curvature)

+ modification becomes important at low curvature

and can lead to accelerated expansion
[Capozziello, Carloni, Troisy ('03), Carroll, Duvvuri, Trodden, Turner ('03),
Carroll, De Felice, Duvvuri, Easson, Trodden, Turner ('04)]

4

3H? — — P (2HH + 15H°H + 20 + 6H*) = 27
12(H + 2H?)3 M3,
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+ Well known for n>1 — early de Sitter
& g Staroblnsky (1980)

+ Interest here: Late time modification
- —n<0 (inverse curvature)

+ modification becomes important at low curvature

and can lead to accelerated expansion
[Capozziello, Carloni, Troisy ('03), Carroll, Duvvuri, Trodden, Turner ("03),
Carroll, De Felice, Duvvuri, Easson, Trodden, Turner ('04)]

4

3H? — —F—— (2HH + 15H°H + 2H* + 6H*) = P2
12(H + 2H?)3 M3,
+ purely gravitational alternative to dark energy
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1/R model

| ..ﬁ dH/dt

i— accelerated attractor: [CDDETT] —— 15 —*_‘_;_“L___‘-u.
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S 1/R model

dH/dt

+ accelerated attractor: [CDDETT] =< = F
~+ vacuum solutions: -...
+ de Sitter (unstable) =l
+ Future Singularity ﬁ
+ power law acceleration a(t) ~ t2
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1/R model

2 ﬂ 2oy dH/dt

1— a;:oelerated attractor: [CDDETT] i “a y/
“+ vacuum solutions: ___h::‘-«.._f_'_'_'_'_'---
+ de Sitter (unstable) :ﬁ |
+ Future Singularity
+ power law acceleration a(t) ~ t2

+ For u = 10-3 eV corrections only important today
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+ Well known for n>1 — early de Sitter
& gh Staroblnsky (1980)

+ Int-erfe_st here: Late time modification
= n<0 (inverse curvature)

+ modification becomes important at low curvature

and can lead to accelerated expansion
[Capozziello, Carloni, Troisy ('03), Carroll, Duvvuri, Trodden, Tumer ("03),
Carroll, De Felice, Duvvuri, Easson, Trodden, Turner ('04)]

4
3H? — —F——— (2HH + 15H°H + 20 + 6H*) = %
12(H + 2H?)3 M2,

+ purely gravitational alternative to dark energy
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- New Gravitational Action
'/ Sp-n = terc ] V—9Rd'z

Einstein Gravity has not been tested on
large scales (Hubble radius)

But in general:

S = Lo [ \/=gF(R, Ry R", Rypo R**°, ...)d*z

Simple approach: F(R) = R+mR"









| + accelerated attractor: [CDDETT] -
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| * dHdt

+ accelerated attractor: [CDDETT] =T =

~+ vacuum solutions: *--
+ de Sitter (unstable) . ;‘“ ~

+ Future Singularity
+ power law acceleration a(t) ~ t2

+ For u = 10-33 eV corrections only important today
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L) 1/R model

: -« dH/dt

+ accelerated attractor: [CDDETT] = = ~°

~+ vacuum solutions: -..
+ de Sitter (unstable) :‘* =3,

+ Future Singularity
+ power law acceleration a(t) ~ t2

+ For u = 10-33 eV corrections only important today
+ Observational consequences similar to dark energy

with w = -2/3
P‘%ﬁ“"o"g Perimeter Institut, Waterioo Pape E3/18)
—_— April. 2007
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General f(R) actions

+eg u2™ /R with n>1 have late-time
acceleration

2(n + 2)
w— —14
32n+1)(n+1)
*,%f °°°°°° Perimeter Institut, Waterioo
e April, 2007



General f(R) actions
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+eg uw?1/R" - with n>1 have late-time
acceleration

2(n + 2)
32n+1)(n+ 1)

w——1-+

+Can satisfy observational constraints
form Supernovae
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General f(R) actions

«&-eg u2N/Rn  with n>1 have late-time
acceleration

2(n + 2)
32n+1)(n+1)

w— —1 4

+Can satisfy observational constraints
form Supernovae
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s Non-Cosmological
Constramts on f(R) Theories

+ General Brans-Dicke theories:
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o Non-Cosmological
Constramts on f(R) Theories

+ General Brans-Dicke theories:

S /d“x\/_ {¢R+ £0,0"® —U(tI))}

+ f(R) models in Einstein frame (o = 0):
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S Non-Cosmological
S Constram ts on f(R) Theories
4, General Brans-Dicke theories:

S /d4x\/— {¢R+ £ 0,0"® — U(cb)}
+ f(R) models in Einstein frame (w = 0):

S [d'2y=g(f(¢) + ' ()R~ &) + Sn



oS Non-Cosmological
Constramts on f(R) Theories

+ General Brans-Dicke theories:

S o /d"x\/—— {erR+ 2,000 - U(9)}
+ f(R) models in Einstein frame (o = 0):

S [d'av=g1f(9)+ ' ($)(R— )] +5n

+ Simplest model (<1/R") ruled out by observations of

distant Quasars and the deflection of their light by
the sun with VLBI: ®>35000 [Chiva (‘03), Soussa,

Woodard (“03),...]









Sy The New Model

sy S0
G T 1 = p°
= S 16w G f dx 9 [R (aR2+bR,., RF¥+cR,, oo R*VP°)

e

[CDDTT’04]

+ Unstable de Sitter solution

|



: 23 S S

6

__1.- = -
167G f dr V9 [R (aRz-i—bR”uR“”—}—ER#HPJR#VPU)]

S iy

[CDDTT’04]

+ Unstable de Sitter solution

+ Corrections negligible in the past (large curvature),
but dominant for R = u?; acceleration today for
u ~ Hy (Again why now problem and small

parameter)
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S The New Model

--_' — -IJ o p,ﬁ
o S = 167G f dr 9 [R (aR?+bR,,., R*¥+cR,, po R*¥P°)

[CDDTT’04]

+ Unstable de Sitter solution

+ Corrections negligible in the past (large curvature),
but dominant for R = u?; acceleration today for
u ~ Hy (Again why now problem and small

parameter)
+ Late time accelerated attractor [CDDTT’04]
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e T,

_ + Unstable de Sitter
T 3 Point (H=const)
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: Examp le 1/ Rp vR v Model

~ +Unstable de Sitter
e e Point (H=const)
- T - + Two late time

= . \ attractors:

VY + acceleration with
, N p=3.22

s H TR + deceleration with
e 5-0.77




Afraid of Ghosts ?
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. Example 1/R, R* Model

+ Unstable de Sitter
Point (H=const)
+ Two late time

attractors:

+ acceleration with
p=3.22

+ deceleration with
p=0.77
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Afraid of Ghosts ?

5

+ In the presence of ghosts: negative energy states,
hence background unstable towards the generation
of small scale inhomogeneities

L
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Afraid of Ghosts ?

5

+ In the presence of ghosts: negative energy states,
hence background unstable towards the generation
of small scale inhomogeneities

+ If one chooses: ¢ = -4b in action, there are NO
GHOSTS: |. Navarro and K. van Acoleyen 2005
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) The New Model

= -_S = terc J 4TV—9 [R (aRE+bRMRw+chMwa)]

[CDDTT’04]

+ Unstable de Sitter solution

+ Corrections negligible in the past (large curvature),
but dominant for R = u?; acceleration today for
u ~ Hy (Again why now problem and small

parameter)
+ Late time accelerated attractor [CDDTT’04]
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S The New Model

| __-' - 1 | — #6
. _-_-S = terc J dTV—9 [R (aRubRwan+cRWMRuvm)]

[CDDTT’04]

+ Unstable de Sitter solution

+ Corrections negligible in the past (large curvature),
but dominant for R = u?; acceleration today for
u ~ Hy (Again why now problem and small

parameter)
+ Late time accelerated attractor [CDDTT’04]
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Afraid of Ghosts ?

5

+ In the presence of ghosts: negative energy states,
hence background unstable towards the generation
of small scale inhomogeneities

+ If one chooses: ¢ = -4b in action, there are NO
GHOSTS: |. Navarro and K. van Acoleyen 2005

+ In general F(R,Q-4P) with Q=R ,R* and P=R ,,, R*"*°
has no ghosts, however... ' |
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. Weare still afraid of
. Tachyons

S s Q=4P is necessary, but not sufficient condition for

positive energy eigenstates (vanishing of 4th order

terms is guarantied so)
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. Weare still afraid of
. Tachyons

+ Q=4P is necessary, but not sufficient condition for

i positive energy eigenstates (vanishing of 4th order

terms is guarantied so)

+ Also have to check 2nd order derivatives for finite
propagation speeds (De Felice et al. astro-
ph/0604154)
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. Weare still afraid of
Tachyons

+ Q=4P is necessary, but not sufficient condition for

~~ positive energy eigenstates (vanishing of 4th order

terms is guarantied so)

+ Also have to check 2nd order derivatives for finite
propagation speeds (De Felice et al. astro-
ph/0604154)

+ some parameter combination are still allowed !
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. Weare still afraid of
Tachyons

+ Q=4P is necessary, but not sufficient condition for

~~ positive energy eigenstates (vanishing of 4th order

terms is guarantied so)

+ Also have to check 2nd order derivatives for finite
propagation speeds (De Felice et al. astro-
ph/0604154)
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. Weare still afraid of
= Tachyons

+ Q=4P is necessary, but not sufficient condition for

= positive energy eigenstates (vanishing of 4th order

terms is guarantied so)

+ Also have to check 2nd order derivatives for finite
propagation speeds (De Felice et al. astro-
ph/0604154)

+ some parameter combination are still allowed !
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. Weare still afraid of
= Tachyons

- Q'=4P is necessary, but not sufficient condition for

~ -~ positive energy eigenstates (vanishing of 4th order

terms is guarantied so)

+ Also have to check 2nd order derivatives for finite
propagation speeds (De Felice et al. astro-
ph/0604154)

+ some parameter combination are still allowed !

+ For higher inverse powers 1/(aRZ+bP+cQ)" there is
hope !
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Solar Systems Tests
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