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Abstract: | point out that there is a curvature singularity problem appearing on non-linear level that generally plagues f(R) models that modify
Einstein gravity in the infrared. It is caused by the fact that for the effective scalar degree of freedom, the curvatur
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WHAT’S THE MATTER WITH COSMOLOGY?
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MAYBE IT’S GRAVITY WE DON’T UNDERSTAND...

WHAT IF INSTEAD OF CURVATURE IN EINSTEIN-HILBERT ACTION WE HAD

([ r® —
S_J.{lﬁﬂc—i—jf’m},/ gd x
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MAYBE IT’S GRAVITY WE DON’T UNDERSTAND...

WHAT IF INSTEAD OF CURVATURE IN EINSTEIN-HILBERT ACTION WE HAD

| S’ T
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UV MODIFICATION:

R2

fR)=R+—

Starobinsky (1980)
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MAYBE IT’S GRAVITY WE DON’T UNDERSTAND...

WHAT IF INSTEAD OF CURVATURE IN EINSTEIN-HILBERT ACTION WE HAD

UV MODIFICATION: IR MODIFICATION:

. R® o B
fR)=R+— f(R)=R~—

_ Capozziello et. al. [astro-ph/0303041]
Starobinsky (1980) Carroll et. al. [astro-ph/0306438]
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MAYBE IT’S GRAVITY WE DON’T UNDERSTAND...

WHAT IF INSTEAD OF CURVATURE IN EINSTEIN-HILBERT ACTION WE HAD

UV MODIFICATION: IR MODIFICATION:

. R o
fR)=R+— f(R)=R~~

_ Capozziello et. al. [astro-ph/0303041]
Starobinsky (1980) Carroll et. al. [astro-ph/0306438]

o -

FoRr F(R) THEORY TO MAKE SENSE WE NEED:

@ [’ > 0 - otherwise gravity is a ghost

@ [” > 0 - otherwise gravity is a tachyon
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AFTER A ROCKY START...

Linearly stable models
have been found:

Hu and Sawicki
[0705.1158]

Starobinsky [0706 .2041]

various “designer” models

LSS growth studied:

Pogosian & Silvestri
[0709.0296]
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AFTER A RocKY START... ANEwW TROUBLE?

Linearly stable models 1.0 J
have been found: '

Hu and Sawicki
[0705.1158]

Starobinsky [0706 .2041]

various “designer” models

LSS growth studied:

Pogosian & Silvestri
[0709.0296]

But something is 0 s 10 15 20 25 30
amiss...

B et Tsujikawa [0709 . 1391]
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WHY DOESN’T F(R) DARK ENERGY WORK?
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WHY DOESN’T F(R) DARK ENERGY WORK?

m <- b0 orders of magnitude -> m

IR maodification

.
fR=R-=

_ ¥
P=

damage to UV
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F1ELD EQuATIONS IN F(R) GRAVITY

@ Vary the action with respect to the metric:

[ fR — .
LHEJKG +j€m}ﬁd "

@ Einstein equations turn into a fourth-order equation:

! 7 = 1
T Ry _f;,u%' & (Df i Ef) guv =87G 1y

@ A new scalar degree of freedom ¢ = [’ — 1 appears:

.

i
7"

3

T

1
Df;zg(zf_ffﬁ')‘i‘

@ Can rewrite fourth-order field equation as two second order ones!
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A NEw ScALAR DEGREE OF FREEDOM

@ Equation for ¢ = f” — 1 is just a scalar wave equation:
Op =V'(p)—F

@ Matter directly drives the field ¢ by a force term:

__ 8nG
F = T(p —3p)

@ Effective potential can be found by integrating

. dvV
Vig)= o 2f f'R)

@ In practice, easier to obtain in parametric form:

dVv _dVde 1

— — 2 . R "
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Di1SAPPEARING COSMOLOGICAL CONSTANT MODEL

V/R, Starobinsky [0706 .2041]

14 fR=R+2[(1+R) " —1]
e 2).R
(1+R2p
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Di1SAPPEARING COSMOLOGICAL CONSTANT MODEL

V/R, Starobinsky [0706.2041]
] G..L | 1
1.47 f(R):R+A[(1+R‘3) —1]
i | 2R
5 9= 2\2
1.0 (1+ R?%)
0'8_; A singularity (R=-+00)
0.6 B stable dS min { —=0)
0.4] C unstable dSmax ( f"=0 )
] D critical point L7 —8I]
0.2 |
3 E flat spacetime ( T=0)
i E|
0; Eﬂﬂ N}Q ¢ F critical point ("=0']
-------------- T G singularity (R=—00)
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SINGULARITY IS FINITE DISTANCE AwAY!

VIR,

~0.10

0.12-

014 - | %
016 - ;
018 - rfg
0.20 - 5
022 50

578 514 510 5,08 5630 9
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SINGULARITY IS FINITE DISTANCE AwAY!

VIR, in large R limit:
—0.10 -
i f(R)= R+A+—
—0.121 R® 1 R"
014 - % e o
9',_:, @:f_lﬁ_u_Rnf;l
—0.16 - =
; 2. dV _Rf" a(a+1)y,
Sl E dR 3 3R
0201 =

: weak power-law singularity:

872 0 | a+1l)uo .
e e B B R e R E s s s R R B e (I) V(@)Econs.t_( Jlu [@‘J
-0.18 014 010 -006 -0020 3 ‘
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SINGULARITY IS FINITE DISTANCE AwAY!

VIR, in large R limit:
~0.10 - =
: f(R)= R+A+—
0.12 - e
_0.14° = o auo

i s PR/ IE e
—0.16 a

; = dV Rf” ala+1)u,
Torles 2 dER 3 3 R+
0201 =

- | veak power-law singularity:

0221 5 +1)u ,_
:""I""I""':""I""I" II""I""(Ib""lIIII q) V(@)Econs.t_(a ]l[iﬂ [@‘?
018 014 010 006 0020 3Jaﬂﬂ|‘

!
U(p)=V(§)+F (. — ) V=g
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CosMoLoGY IN F(R) GRrRAVITY

@ Homogeneous flat cosmology is described by FRW metric:
ds*=—drt*+a*(t)dx"

@ Scalar degree of freedom looks as usual (albeit with a force term):
¢ +3Hp+V(p)=F

@ What about Friedman equation? It looks strange...
e a_ 1,
3H(f") _3EI +Ef =8nGp

@ ... butitisnt! Eliminating é in favor of R =6 (% —I—Z—z) does the trick:

. 1f—f'R 8nG
H-+t{nf'YH+— =
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MECHANICAL ANALOGY: A BALL IN A BowL
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Now WE UNDERSTAND WHAT’S GoING ON HERE!

1.0
0.010 .
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10 °
10 %
BG4 —
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z
| Tsujikawa [0709 . 1391]
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Now WE UNDERSTAND WHAT’S GoING ON HERE!
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BIGGER PROBLEM: SINGULAR CoMpPACT OBJECTS!

curvature singularity
Ap=—2¢
¢ 3 P [f(R) degree of free
AP=41Gp e e

asymptotic curvature
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BIGGER PROBLEM: SINGULAR CoMPACT OBJECTS!
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curvature singularity

1
need 0 2 - separating UV from IR

ﬂ

asymptotic curvature
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Is F(R) DARK ENERGY DEAD?
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Is F(R) DARK ENERGY DEAD?

Not quite yet!
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Is F(R) DARK ENERGY DEAD?

Not quite yet!

But the problem looks very serious...

Need to understand how bad it really is!
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