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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 generalized
modified gravity, with inverse powers of the curvature can have late time accelerating attractors without conflicting with solar system experiments.
We have solved the Friedman equations for the full dynamical range of the evolution of the Universe. This allows us to perform a detailed analysis
of Supernovae data in the context of such models that results in an excellent fit. Hence, inverse curvature gravity models represent an example of
phenomenologically viable models in which the current acceleration of the Universe is driven by curvature instead of dark energy. If we further
include constraints on the current expansion rate of the Universe from the Hubble Space Telescope and on the age of the Universe from globular
clusters, we obtain that the matter content of the Universe is 0.07 <= omega_ m <= 0.21 (95% Confidence). Hence the inverse curvature gravity
models considered can not explain the dynamics of the Universe just with a baryonic matter component.
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Supernovae Measurements

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

= X8 —=+——0"5" + Perlmutter et al.; Riess et al.;
e 3 ‘ ) o 10 o Knop et al.; Astier et al.
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~-+Simplest explanation; consistent with
SNe, CMB, LSS, clusters of galaxies, ...
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Dark Energy

L

simple fluid: p = wp

| Deoeleratlon parameter (flat Universe, only DE):

ao 1 + 3w
HO 2

qo =
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Dark Energy

-

| simple fluid: p=wp

" Deceleration parameter (flat Universe, only DE):
21.0 1 ~+ 3w
n 2

Hence accelerated expansion for w<-1/3, i.e. violating
strong energy condition !
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Dark Energy
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| simple fluid: p=wp

" Deceleration parameter (flat Universe, only DE):
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Hence accelerated expansion for w<-1/3, i.e. violating
strong energy condition !

qo =










i Quintessence
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Quintessence

— . QA =07 —pp= 10748 eV = 10712 M;l

~ Dynamical dark energy
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Quintessence

3 !-
0¥ T 1MA=07 —pam107% eV =10"12 M}
| ~ Dynamical dark energy
Equation of state of scalar field:
| | 1 2
;'_ f I T
3 5 29° + V()
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N Quintessence
st try (Wetterich, Ratra and Peebles 1988, Ferreira and Joyce 1998):

j__;_;“ V(Q&) _ B_A‘i)/Mpl
attractor, hence NO FINE TUNING required !
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S Quintessence
e ' .' FE

st try (Wetterich, Ratra and Peebles 1988, Ferreira and Joyce 1998):
= _1 V(ﬁb) — e_z\tb/ M,

attractor, hence NO FINE TUNING required !
but: attractor in regime: Q__ < Q_ !
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R Quintessence
1sttry (Wettench Ratra and Peebles 1988, Ferreira and Joyce 1998):
V(g) = e—26/Mz

attractor, hence NO FINE TUNING required !
but: attractor in regime: Q__ < Q_ !

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

V(g) = Mp/¢ . V(p) = M*T= /g™
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scalar field dark energy models (quintessence)
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| Different Quintessence
- Models

scalar field dark energy models (quintessence)
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scalar field dark energy models (quintessence)
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scalar field dark energy models (quintessence)
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Different Quintessence
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Models

All models
ad hoc

but maybe something completely different ...
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- Maybe gravity is standard at short distances...
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but gets modified on large distances ...
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~ New Gravitational Action
4 SE-H = 16;(; f\/——ng4$

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

But in general:

S = Lo [ V=9F (R, Ry R™, R,y pe R*P°, ...)d*z

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

+ Inieréét here: Late time modification
~— n<0 (inverse curvature)
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== - Well known for n>1 — early de Sitter
e.g. Starobinsky (1980)

+ Iniereét 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)]
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4 Well known for n>1 — early de Sitter
e.g. Starobinsky (1980)

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

+ modification becomes important at low curvature

and can lead to accelerated expansion
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4

3H? — —F— (2HH + 15H°H + 2H* + 6H*) = P2L
12(H + 2H?)3 M2,
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4+ Well known for n>1 — early de Sitter
e.g. Starobinsky (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

235 ,-. dH/dt

2 accelerated attractor: [CDDETT] =~ I =0
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2 1/R model

v ey dHdt

.I.

e e

+ accelerated attractor: [CDDETT] - —

~4 vacuum solutions:
+ de Sitter (unstable)

+ Future Singularity
+ power law acceleration a(t) ~ t2
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+ accelerated attractor: [CDDETT] -

“4 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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Einstein Gravity has not been tested on
large scales (Hubble radius)
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1/R model

. dH/dt

+ accelerated attractor: [CDDETT] ~— = =)~
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3 1/R model

=5 r'_ dH/dt

.I.

+ accelerated attractor: [CDDETT] — a7
~4 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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+ accelerated attractor: [CDDETT] - _——

~4 vacuum solutions:
+ de Sitter (unstable)

+ 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
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General f(R) actions
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*eg w1 /R - with n>1 have late-time

acceleration
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General f(R) actions

'_.____._ +eg w2 1/R" - 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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.f Non-Cosmological
Constramts on f(R) Theories

.; + General Brans-Dicke theories:

Sm/d“xf{@R+ =2 8“¢—U(¢I>)}

+ f(R) models in Einstein frame (o = 0):
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| Non-Cosmological
Constramts on f(R) Theories

* General Brans-Dicke theories:

S /d‘*x\/f {¢R+ £ 0,0"® — U(cb)}
+ f(R) models in Einstein frame (o = 0):
S [d'av=g1f(9)+ ' ($)(R—9)] +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),...]
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+ Unstable de Sitter solution




S The New Model
| S: __lﬁirG f dx \/_—g [R (aR? +bRuuR”fiCR#upﬂR“Upg):|

[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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The New Model
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| 1 - L
S = 167G f dr vV—9 [R (aR2—l—bRuuRP"—{—cR“,paRPUPU)]

[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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Example 1 /Rﬂ R=v Model

L4

5 ~ +Unstable de Sitter
—_— —— Point (H=const)
——a ¢ + Two late time

== \"| attractors:

=Y + acceleration with
, N p=3.22
— H T g + deceleration with
= p=0.77
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~_ Example 1/R,R* Model

oak . + Unstable de Sitter
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———— f + Two late time
S=._  \" attractors:
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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
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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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but dominant for R = u?; acceleration today for
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+ 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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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: c = -4b in action, there are NO
GHOSTS: I. Navarro and K. van Acoleyen 2005

+ In general F(R,Q-4P) with Q=R R*v and P=R R
has no ghosts, however... '
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We are still afraid of
i Tachyons

\ _-4-_ Q=4P is necessary, but not sufficient condition for
-~ positive energy eigenstates (vanishing of 4th order
terms is guarantied so)
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- We are 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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. We are 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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- We are 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/(aR%?+bP+cQ)" there is
hope !
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Solar Systems Tests

+ Linear expansion around Schwarzschild metric
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Solar Systems Tests

+ Linear expansion around Schwarzschild metric
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S =

_+with critical radius
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~+with critical radius
6n+4 _ (GM)2H+2
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- Non-Cosmological Tests
_+with critical radius

6n+4 __ (GM)2n+2

+for solar system: 10pc !
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- Non-Cosmological Tests
+W1th critical radius

on+4 __ (GM)2H+2

+for solar system: 10pc !
+for galaxies: 102kpc
+for clusters: 1Mpc !
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Modified Friedman Equation
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4+ with critical radius
nt+es _ (GM)271+2

T

€ u4n—+—2

+for solar system: 10pc !
+for galaxies: 102kpc
+for clusters: 1Mpc !

3 | - Non-Cosmological Tests
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Mod:f:ed Friedman Equation

_ H”}‘ (H,H')+Fo(H,H') 2 _ 8xG
: Fa(H, H’)2 F_4 +H" = =3=p
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' Modlﬁed Friedman Equation

H" Fy(H,H')+F, (H,H') 2 _ 87G
~ F(H,H) b +H? = 855

+ Stiff, 2nd order non-linear differential equation, solution is
hard numerical problem - initial conditions in radiation
dominated era are close to singular point.
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| Modrfred Friedman Equation

H" Fy(H,H')+F2(H,H') 2 _ 87G
S (HHD F_ +H* = =3=p

+ Stiff, 2nd order non-linear differential equation, solution is
hard numerical problem - initial conditions in radiation
dominated era are close to singular point.

+ Source term is matter and radiation: NO DARK ENERGY
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| Modrfled Friedman Equation

H" Fy(H,H')+F»(H,H') 2 _ 8xG
S HH) L +H? = 8Cp

+ Stiff, 2nd order non-linear differential equation, solution is

hard numerical problem - initial conditions in radiation
dominated era are close to singular point.

+ Source term is matter and radiation: NO DARK ENERGY

+ Effectively dependent on 3 extra parameters:
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| Mod:f:ed Friedman Equation

H”:F (H,H')+F>(H,H") - 3 squ
1 F3(H, H"’)2 L +H

==

+ Stiff, 2nd order non-linear differential equation, solution is

hard numerical problem - initial conditions in radiation
dominated era are close to singular point.

+ Source term is matter and radiation: NO DARK ENERGY

+ Effectively dependent on 3 extra parameters:

— 12a+4b+4c — 7 : Sm—
& = 12a+3b+2c o= 12at3b+2c76 0 = sign (12a + 3b + 2¢)
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Dynamical Analysis

I

4 . r _‘:_.'

| + a is fixed by the dynamical behavior of the system
.-+ Four special values of a

Perimeter Institut. Waterioo Page 116/180
April, 2007

el TEF -0



Dynamical Analysis

.I'r
: ‘

S + ﬂr i;_fi'ied by the dynamical behavior of the system
—. -+ Four special values of a
a; = 8/9 , as; = 4(11 — V/13)/27 =~ 1.01 , as = 20(2 — V3)/3 =
1.79, ag = 4(11 + V/13) /27 ~= 2.16
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) Dynamical Analysis

N + 4 a is fixed by the dynamical behavior of the system
.-+ Four special values of a

a; = 8/9 , as = 4(11 — V/13)/27 =~ 1.01 , az = 20(2 — vV3)/3 =

1.79 , ay = 4(11 + V/13) /27 ~= 2.16

+ For a < a,: both values of o are acceptable
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) Dynamical Analysis

- I

: ' fa

| %8 ﬂr is fixed by the dynamical behavior of the system
.-+ Four special values of a

ol

a; =8/9, ap;=4(11—+13)/2T~101, a3 =202-V3)/3 =~
1.79,  as=4(11+/13)/27 ~= 2.16

+ For a < a,: both values of o are acceptable
+ For a, < a < a,: o=+1 hits singularity in past
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R Dynami cal Anal VA IS

: ' S

+ ﬂ is fixed by the dynamical behavior of the system
.-+ Four special values of a

e

a; =8/9, a;=4(11—v13)/2T~101, a3 =20(2—V3)/3 =~
1.79,  aq=4(11 + V13)/27 ~= 2.16

+ For a < a,: both values of o are acceptable
+ For a, < a < a,: o=+1 hits singularity in past
+ For a, < a < a, : 0=-1 hits singularity in past
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) Dynamical Analysis

1 &

3% + ﬂr is,fi"xed by the dynamical behavior of the system
.-+ Four special values of a

o,

a; =8/9, a;=4(11—v13)/2T~101, a3 =20(2—V3)/3 =
1.79, g =4(11 +/13)/27 ~= 2.16

+ For a < a,: both values of o are acceptable

+ For a, < a < a,: o=+1 hits singularity in past
+ For a, < a < a,: o=-1 hits singularity in past
+ For a, < a < a, : stable attractor that is decelerated for a<32/21 and
accelerated for larger a.
W
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Dynamical Analysis

+ a is_fi'ied by the dynamical behavior of the system
.-+ Four special values of a

a; =8/9, ap=4(11—v13)/2T~101, a3 =20(2—V3)/3 =
1.79,  aq=4(11 + V/13)/27 ~= 2.16

+ For a < a,: both values of o are acceptable

For a, < @ < a,: o=+1 hits singularity in past

For a, < a < a, : o=-1 hits singularity in past

For a, < a < a, : stable attractor that is decelerated for a<32/21 and
accelerated for larger a.

For a, < a < a, : no longer stable attractor and singularity is reached
in the future through an accelerated phase. For small &,,, this appears
in the past.

+ ++

+
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. Solving the Friedman
S Equation for n=1
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- Solving the Friedman
Equation for n=1

4+ Numerical codes can not solve this from initial conditions in
— - --—"radiation dominated era or matter domination

P“'ch a0 Perimeter Instinut, Waterioo S I

ety TR T



. Solving the Friedman
Equation for n=1

4 Numerical codes can not solve this from initial conditions in
—---—radiation dominated era or matter domination

+ Approximate analytic solution in distant past
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~  Solving the Friedman
e Equation for n=1

4+ Numerical codes can not solve this from initial conditions in
—---—"radiation dominated era or matter domination

+ Approximate analytic solution in distant past

- 1 HEF\(He, HL)+F2(He HE) p®
Happrox = HE (1 2 '7:3(HE=H£:) Hé
Pit%z‘omoog Perimeter Institut. Waterioo Page 126/180



 Perturbative Solution for a=1

= u = log H r = loga
i + 1502 + 34d + 8 + 18Ae™ (2 + 0)° 2@ 1] =
A==12a+3b+4c=43a—c) fora=1
% = log H = log (H[} V Qe 4T + Qm6'3-"-’)

good approximation in the past

H=H(+¢) u=u+log(l+e)~u+e
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~ Solving the Friedman
= e Equation for n=1
: _- + .-.ﬁgfn'érical codes can not solve this from initial conditions in

—~ _radiation dominated era or matter domination
+ Approximate analytic solution in distant past

= 1 HEF\(He, HL)+F2(He HE) p®
Happrox = (1 - F3(Hg,Hg) HZ
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 Perturbative Solution for a=1

S u = log H z = loga
i + 1562 + 344 + 8 + 18Ae™™ (2 + 4)° 2@ 1] =
A==12a+3b+4c=4(3a—c) fora=1
% = log H = log (H[} \/Q.,.e"l"’ + Qm6'33’)

good approximation in the past

H=H(+¢) u=u+log(l+e)~u+e
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Solution and Conditions

1 4092, + 3752,,e* o9
QHSAQm Q,. +Q,.e*

T

e 1
é g N ¢ 2
i 34 u + 15u 41
1t e 9(1_'_6) + 1+6<<'u,+ ou + 34u + 8
€ 5
L2+ u
l+ €



00000000

Specific Conditions

—9HSAQ3 \/*
a<<( §7 ”") ~ O(1)

For example with A=-4 at
a=0.2:
1.2 x107°% « 1
0.99 < 9.24

0.011 K 0.5

In general all 3 conditions break down ata > 0.1-0.2

Perimeter Institut. Watedlee -~~~ Page1s /180
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L3

~ Dynamics of best fit model

4 4 : , , , 1

-

35 ACDM '

e il
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SR Approximation and
= Numerical Solution
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SRR Approximation and
. Numerical Solution

+ Very accurate for z > few (7), better than 0.1% with H.:=8rG/p
the standard Einstein gravity solution at early times.
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SR Approximation and
S Numerical Solution

+ Very accurate for z > few (7), better than 0.1% with H.2=8rG/p
the standard Einstein gravity solution at early times.
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SE Approximation and
el Numerical Solution

N e 4 L 1
o === r . |

r 4

i 1

H ]

|
|

|
- &\
ezt B

+ Very accurate for z > few (7), better than 0.1% with H.2=8xG/p
the standard Einstein gravity solution at early times.
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SR Approximation and
== e Numerical Solution

E 1 I
: ]

?
.'
o
4 7T

+ Very accurate for z > few (7), better than 0.1% with H.2=8xG/p
the standard Einstein gravity solution at early times.

+ Use approximate solution as initial condition at z=few (7) for

numerical solution (approximation very accurate and
numerical codes can cope)
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Fit to Supernovae Data

= i .-..'j S
+ Include intrinsic magnitude of Supernovae as free parameter:

Degenerate with value of H, or better absolute scale of H(z).
—-=~"Measure all dimensionful quantttles in units of K
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Fit to Supernovae Data
_. + ;nclude intrinsic magnitude of Supernovae as free parameter:

Degenerate with value of H, or better absolute scale of H(z).
—<=~"Measure all dimensionful quantltles in units of K

+ Remaining parameters: a and
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| Fit to Supernovae Data
+;nclude intrinsic magnitude of Supernovae as free parameter:

-~ Degenerate with value of H, or better absolute scale of H(z).
=== Measure all dimensionful quantities in units of K

+ Remaining parameters: a and @,, = i;u

+ a < a, leads to very bad fits of the SNe data; remaining regions
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Fit to Supernovae Data

= Sa
-+ Include intrinsic magnitude of Supernovae as free parameter:

-~ Degenerate with value of H; or better absolute scale of H(z).
—-=—="Measure all dimensionful quantttles in units of K

+ Remaining parameters: a and w,, = i;ﬂ

+ a < a, leads to very bad fits of the SNe data; remaining regions

o=-—1, 0.8 < a<1.10 low
o=+1, .10 < a < 2.16 high
Perimeter Institut. Waterioo Page 142/180
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+ Fit to Rtess et al (2004) gold sample; a compilation of 157 hlgh

| conﬁdence Type la SNe data. ~
ey a=09, @ = 0.105 , * = 184.9 ,-f"'” . sl
| a=215, Om = 0.085 , x* =185.2 © e |
S very good fits, similar to ACDM (%2 = 183.3) = T
X (| 2 8 a,
20 ! o=+ 5
. Universe hits
" | singularity in the
0.8 O 1.2 -+ ]
L |
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Combining Datasets

." _"'_.'

S ¥ _'I_i‘t-- order to set scale use prior from Hubble Key
— Project: Hy, = 72+8 km/sec/MpC [Freedman et al. ‘01]
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Combining Datasets

+ In order to set scale use prior from Hubble Key
Project: H, = 72+8 km/sec/MpC [Freedman et al. ‘01]

+ Prior on age of the Universe: t; > 11.2 Gyrs
[Krauss, Chaboyer ‘03]



Combining Datasets

_r' _':,'

+ In order to set scale use prior from Hubble Key
PrOJect H, = 72+8 km/sec/MpC [Freedman et al. ‘01]

+ Prior on age of the Universe: t; > 11.2 Gyrs
[Krauss, Chaboyer ‘03]
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4 Combining Datasets

+ ln order to set scale use prior from Hubble Key
PrOJect Hy, = 72+8 km/sec/MpC [Freedman et al. ‘01]

+ Prior on age of the Universe: t; > 11.2 Gyrs
[Krauss, Chaboyer ‘03]
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i Combining Datasets

. s

+ In order to set scale use prior from Hubble Key
PrOJect Hy, = 72+8 km/sec/MpC [Freedman et al. ‘01]

+ Prior on age of the Universe: t; > 11.2 Gyrs
[Krauss, Chaboyer ‘03]

....................................

e y——

il
:- :,'-I [ |
L L
J
\ ]
|

|

-----------------------------------------

e marginalized 0.07 < @_ <0.21 (95% c.l.); require dark mate:
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Combining with the Cosmic
~ « Microwave Background ?

K = -
= L — = - -

- ——

: e T Croms Powss

H 1 Somcitum

E ™ 1

i N Dl

H * ' e rg

E 1) -

3 & i aomas

s

:: @

; / 1

E - L1

i_ " = B % i L_" ]

H 1

; F, Wy Y

: \.\r"l/"y. g

E - - 1 e

- g

et

: TE Croms Sower 1

- § g 3
o :
- i |
L : _""-‘L 1
. T E_ %\ 'E
- - |
2 i \ i

£ L i

= ’H T ]

[ L] : *r L] 1 ¥ ' 1': B .E

: ' T g :

§ = :
&=l i A - Al T
Ay Pipoies rmicarmestt ()

PL"L_CLOM)OOQ Peri ser Instic t. Water Page 150/180
F= = April, 2007

et TR I



[ =

A Combining Datasets

) " _':,'

+ ln order to set scale use prior from Hubble Key
Pro;ect Hy, = 72+8 km/sec/MpC [Freedman et al. ‘01]

+ Prior on age of the Universe: t; > 11.2 Gyrs
[Krauss, Chaboyer ‘03]
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Combining with the Cosmic
- Microwave Background ?
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CMB for the Brave

-

- _':.Small scale CMB anisotropies are mainly affected by
- the physical cold dark matter and baryon densities and
the angular diameter distance to last scattering

dz
H(z)

1100
dA(Z ~ 1100) — f
0
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CMB for the Brave

- _':.S_mall scale CMB anisotropies are mainly affected by
- the physical cold dark matter and baryon densities and
the angular diameter distance to last scattering

dz
H(z)

1100
dA(.Z ~ 1100) — /
0
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CMB for the Brave

-

- _':.S_mall scale CMB anisotropies are mainly affected by
- the physical cold dark matter and baryon densities and
the angular diameter distance to last scattering

dz
H(z)

1100
d_,q(z ~ 1100) = /
0
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Angular Diameter Distance
_ to Last Scattering

For the brave:

Angular diameter distance to last
last scattering with WMAP data -
might as well be bogus !




Includmg Perturbations in
=) -~ 1/R modes

Bean et al. \ I 1/R shifted to
2006 - i fit small scales
SDSS data

no simultaneous small ~ * "1 . .
o — Scale.agreement and CMB 1/R same normglization
........... April, 2007 as ACDM



| But also, ...

Song, Hu, Sawicki 2006
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Includmg Perturbations in
T b oo 1/R modes
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1/R shifted to
fit small scales
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: But also,

Song, Hu, Sawicki 2006
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S Conclusions

+ Inverse curvature gravity models can lead to

~ accelerated expansion of the Universe and explain
- SNe data without violation of solar system tests. No
need for dark energy !
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| Conclusions

+ Inverse curvature gravity models can lead to

- accelerated expansion of the Universe and explain
- SNe data without violation of solar system tests. No
need for dark energy !

+ Use of other data sets like CMB, LSS, Baryon
Oscillations and clusters require careful analysis of
perturbation regime and post - Newtonian limit on
cluster scales.
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_ Conclusions

+ Inverse curvature gravity models can lead to
~ accelerated expansion of the Universe and explain
- SNe data without violation of solar system tests. No
need for dark energy !

+ Use of other data sets like CMB, LSS, Baryon
Oscillations and clusters require careful analysis of
perturbation regime and post - Newtonian limit on
cluster scales.

+ So far No alternative for dark matter ! But only
studied one functional form (n=1) ! Some ideas by
Navarro et al. with logarithmic functions ?
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 The Model vs Dark Energy

____fRequire also small parameter: u
+Larger n for physical models ?
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X  The Model vs Dark Energy

_____fRequire also small parameter: u
+Larger n for physical models ?

+Ghost free version has only scalar
degree of freedom: is there a simple
scalar-tensor theory ?
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+Larger n for physical models ?
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degree of freedom: is there a simple
scalar-tensor theory ?

+Is there any motivation for this model ?
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{ The Model vs Dark Energy

_.___f.'Require also small parameter: u
+Larger n for physical models ?

+Ghost free version has only scalar
degree of freedom: is there a simple
scalar-tensor theory ?

+Is there any motivation for this model ?

“If at first an idea is not absurd, there is no hope for it” E



S Conclusions

+ Inverse curvature gravity models can lead to

- accelerated expansion of the Universe and explain
SNe data without violation of solar system tests. No
need for dark energy !

+ Use of other data sets like CMB, LSS, Baryon
Oscillations and clusters require careful analysis of
perturbation regime and post - Newtonian limit on
cluster scales.

+ So far No alternative for dark matter ! But only
studied one functional form (n=1) ! Some ideas by
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____fRequire also small parameter: u
+Larger n for physical models ?
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+Larger n for physical models ?

+Ghost free version has only scalar
degree of freedom: is there a simple
scalar-tensor theory ?
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X ~ The Model vs Dark Energy

¥ Require also small parameter: u
+Larger n for physical models ?

+Ghost free version has only scalar
degree of freedom: is there a simple
scalar-tensor theory ?

+Is there any motivation for this model ?



