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Abstract: <span>In this talk, | summarize a current status of the DGP braneworld emphasizing the theoretical consistency of the model.First |
review the behaviour of the linearized gravity and show the existence of the ghost. Then | discuss the issue of the non-linearity of gravity in this
model .</span>
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DGP brane world | |
(Dvali, Gabadadze,Porrati)

> — 327G, J X\—85Rs) + == G'[ T\/—;R+J.d‘lr\/§Lm

O Crossover scale 7

F<T. 4D Newtonian gravity
r>r 5D Newtonian gravity

gravity leakage
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————————————————————————
Cosmology in DGP model

O Friedmann equation

(Deffavet)

r D

C

early imes Hr >>1 4D Friedmann

late times o — 0 H—)»i

/

C

As simple as LCDM model
(and as fine-tuned as LCDM r ~ H, )
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————————————————
Gravity in DGP model

f;ﬁ(r r,‘)3 r.~H

Scalar

tensor

Solar system | CMB ISW CNB

Weak lensmg LSS SNe

e abumiiance Growth factor Expansion hustory
Non-linear <= lmear a(a) r(2)
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—————————————————————————
Gravity in DGP model

I = (rﬂ,r;)-3 r.=H
- Scalar

Einstein tensor

Solar system | CMB ISW CMNB

Weak lensmg LSS SNe

Cluster ablm?am':e Gt Eaton Expansion history
Non-linear <i=——=——o linear g(a) r(2)
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Large scale structure

O Expansion historv vs growth rate of structure
;*(_—)=rd_—H—1(_—) g(a)=0/a(=const. for Q =1)
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=

-
=]

Growth gla)= 6/a
[

o |
— braneworld > =

braneworid (expansion only)

&
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l (w,.w )=(—0.78,0.32)
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————————————————————————
Gravity in DGP model

i;m(rrj)i‘ r o~ H

Scalar

tensor

Solar system | CMB ISW CNIB

Weak lensm g LSS SNe
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Large scale structure

O Expansion historv vs growth rate of structure
r(z)= r &H (2 g(a)=0 a(=const. for Q =1)

0.9
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Growth gla)= d/a
LS

- - |
- hraneworid —

e
™

braneworid (expansion only)

(wgw )=(—0.78,0.32)
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KK and Maartens.

Linear theory TCAP [astro-ph/0511634]

O Solutions for metric perturbations
ds =—(1+2¥)dt" +a(t) (1+ 2(1))07.7?1

" o =4EG(1—LJ po. \

a’ 3p B d -
k- . 1} |
—V =—dzG| 1+— | po. - RS
a- - 3B
ﬁ = _I_— ZH]'C | _I_—[— H_. | i 02 02 06 08
\ 3 a

Growth rate 1s determined by g (Lueand Starkman)
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Large scale structure

O Expansion historv vs growth rate of structure
=) r &H (=)

r(z)
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Growth gla)= 6/a
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m

05

|

—

g(a)=0 a(=const. for Q =1)

braneworid

braneworid (expansion only)
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Linear theory

KK and Maartens,
JCAP [astro-ph/0511634]

O Solutions for metric perturbations

ds”
- l—L PO
a 3p
2 (1+L) 0.
a’ - 3p
=1-2H,
ﬁ ? \ 1H1

Growth rate 1s determined
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= —(l+ Z‘P)dt: +a(t) (l - 2(13)4:1?2

Y
14\
B35

e

s a2 Y 05 03

A

(Lue and Starkman)
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Ghost suppresses growth of structure

O Negative BD parameter

3 H
w—— ) 1 —
( 2(ﬁ ) p=1 2Hrf(1+3H3)

In Einstemn frame. kinetic term tor the scalar —i Vi

it /<0 the scalar becomes a ghost :
ct. de Sitter spacetime
1 Hr >21. (62>0)
p<0 = Hr,>— Hr <1, (c<0)

2

ansa: orosoded ULV €t.al, Nicolis and Rattazi)



Ghost in de Sitter spacetime

KK. PRD [hep-th/0503191]

5
—< iy <1 KKmass 1 _ 775
% 28 2 12 spin 0
: 4 / (brane
n; 202 — fluctuation)
= ‘ nme spin 2
\ 0 |
Spin-2 host
helicity-0 | non-ghost g
Spin-0 non-ghost ghost non-ghost :
1.”{5?‘1710:;41011&&1515 et al) — | 7 Mjﬁc



Self-accelerating universe
Gorbunov, KK and Sibiryakov PRD [hep-th/0512097]

2H"

enhanCEd SymmEtry Zﬂi' _> Zﬂi' + (\_'HT;' + Hi:’ﬂ“- )‘TL

= No ghost in massive gravity if m"

m Spin-2 and spin-0 degenerate
km* n ‘Juv (Y) & B.{f;- (?C) ]_Il ‘\T(*v) k

D“_l;nr —4H 24—1‘!“. = HIB‘I“,, \

1 ; @\

Bm' i _(Tuvr +H—:"’m' )‘P ————

m In general the two cannot be diagonalized /

On small scales
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Ghost in de Sitter spacetime

KK. PRD [hep-th/0503191]

"
—< il <] KKmass | _ g,
%H : 2 2 spin 0
: 4 / (brane
n, Y fluctuation)
2H" ‘ ne -« spin 2
\ 0|
Spin-2 non-ghost ghost
helicity-0  : g
Spin-0 non-ghost ghost non-ghost )
11":?‘01710;)1(14;11&1515 et al) — | iz 6/;:



Self-accelerating universe
Gorbunov, KK and Sibiryakov PRD [hep-th/0512097]

m No ghost in massive gravity if m~- =2H"
enhanced SymmEtry Z,Hl' _> Zﬂi' +(T‘uvr + Hi:{!“- )‘ir

m Spin-2 and spin-0 degenerate
B = A, (X)+B,, (x)In N(y) k
E[‘—l_m* " _I'H :‘_‘Lﬂr : Hpr{r‘

1

P~
B, =—(VV, +Hy, T
ji3 H( o3 13! )¢ /
m |n general the two cannot be diagonalized /

On small scales
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'
Connection between Spin-2 / Spin-0

[zami, KK and Tanaka JHEP [hep-th/0610282]
m Spin-2 and Spin-0 are mixed m” =2H -

B (¥-X)=(V,V,+H’y,)7(x). (o+H?) 2(x)=0

J74

Veh,, =h=0

m Coupling to matter

massive spin-2 perturbations cannot be coupledto /[
fem =201
e.om

8H *k; -

(2H® —m* No+4H H)h =
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Self-accelerating universe
Gorbunov, KK and Sibiryakov PRD [hep-th/0512097]

2H"

enhanCEd SymmEtry ZHI' —* Z.f“' +(\_'HY1' = - Hi:”&“- )‘K

= No ghost in massive gravity if m"

m Spin-2 and spin-0 degenerate

hﬂm* > ‘4;11* (Y) F Bﬂu:- (JL') ]_[l Av(}?) k
D‘_l;nf - 4H :‘_‘I;n* . H:Bm*‘ 3

| : QD\

‘Bﬂr = E(Tﬂvi' i3 Hd:f!“’ )(P /

7

m |n general the two cannot be diagonalized /
On small scales /
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'
Connection between Spin-2 / Spin-0

[zami, KK and Tanaka JHEP [hep-th/0610282]

-

m Spin-2 and Spin-0 are mixed * =2H"

b, (v.x)=(V,V, +H" P ) TEED (EH—4H : ) 76x)—0
Ve, =h=0

m Coupling to matter

massive spin-2 perturbations cannot be coupledto /[
form™ =2H"

e.om

) o P ) SH: =
QH> —m* Yo dHHYh =22 2a 7
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a
s DGP
brane bending mode is coupledto 77 | \ /2 =—Hez,
| | ! o
(1-2Hr,)(cHH? )p=—T P }

6
amplitude /-f

= H T | T
6 1-2Hr. o+4H~

_.!'.:1 Z HJHI.(O)l _KIH 1 - 1 -
35 m’—2H| 12 (—-Hr)1-2Hr)|| o+4H’

Spin-2 Spin-0

A

T =—H@T =—

1.{0) wave funciton of spin-2
perturbations

no singularity at m°> —2H". (Hr. —>1)
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'
Connection between Spin-2 / Spin-0

[zumi, KK and Tanaka JHEP [hep-th/0610282]

-

m Spin-2 and Spin-0 are mixed * =2H"

By (3. )=V, V, +H?y, ) 1(x). (oHH*) z(x)=0
Veh,, =h=0

m Coupling to matter

massive spin-2 perturbations cannot be coupledto [/
form™ =2H"
e.om

8H *k; -

(2H> —m™ o+4H HYh =
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) |
s DGP
brane bending mode is coupledto [’ = fer,
(1—2H1;')(D—|-4H:)¢:%T (P\}
amplitude ;

r
2 g 1 1
£ T F

6 1-2Hr w+4H"

_Kl Z H u(0y _KlH 1 - 1 -
35 m’—2H| 12 (—-Hr)1-2Hr)|| o+d4H’

Spin-2 Spin-0

A

T =—He@T =—

1.(0) wave funciton of spin-2
perturbations

no singularity at m”> —2H". (Hr. —>1)
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m Spin-0 perturbations MUST exist

contribution to amplitude is OPPOSITE to spin-2
q spin-2 ghost Is transferred to spin-0

m [wo branes
easy to eliminate spin-2 ghost but spin-0 ghost appears

r'y

Hr,
spin-2Z ghost
m <2H-
spin-0 ghost
m >2H" location of the
l second brane
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Ghost in de Sitter spacetime
KK. PRD [hep-th/0503191]

5
—< il <] KKmass | _ g,
%H - 2 2 spin 0
] 4 / (brane
n, Y3 fluctuation)
2
2H" ‘ n.e -« spin 2
\ 0
Spin-2 host
helicity-0 | non-ghost g
Spin-0 | non-ghost ghost non-ghost :
{irz?ﬁ;ﬁnoums et al) ] | B 5/?4.{?



'
Connection between Spin-2 / Spin-0

[zumi, KK and Tanaka JHEP [hep-th/0610282]
m Spin-2 and Spin-0 are mixed m™ =2H"

By (3. x)=(V,V, +H 7, ) 1(x). (oH4H*)z(x)=0

J75

Veh,, =h=0

m Coupling to matter

massive spin-2 perturbations cannot be coupledto /[
form™ =2H"
e.om

8H *k; -

(2H® —m* No+4H )h =
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m Spin-0 perturbations MUST exist

contribution to amplitude 1Is OPPOSITE to spin-2
‘ spin-2 ghost is transferred to spin-0

= [wo branes
easy to eliminate spin-2 ghost but spin-0 ghost appears

&

Hr,
spin-2 ghost
m <2H"
spin-0 ghost
m->2H" location of the
l second brane
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Silva and KK

Non-linear evolution =o [hep-th/0702169]

O Non-linearity of brane bending mode K
ds* ==N* (1429 )dr* + 47 (142D )" + (1+2G)dy”

+21., dydx’ g{)\
Solving bulk perturbations : =
imposing regularity condition m the bulk /

Junction conditions on a brane

VD =472Ga’pd +;E¢l O+¥=-p p-1-2m2

/ H L
| 1+ S ‘

h —
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m Spin-0 perturbations MUST exist

contribution to amplitude is OPPOSITE to spin-2
‘ spin-2 ghost Is transferred to spin-0

= [wo branes
easy to eliminate spin-2 ghost but spin-0 ghost appears

r'y

Hr,
spin-Z ghost
m <2H-
spin-0 ghost
m->2H" location of the
l second brane
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a
m DGP
~ . mduced
brane bending mode is coupled to 7’ h, =Hery,
| PR A \
(1-2Hr,)(o+H4H )qD:?T 1 |
amplitude ;
_ e B
Asir~ = prgr=-X _H_r_1_g
. 6 1—2Hr. wH4H>
HILS 3 Hu(0y| ~H 1 . 1 .
3 m’—2HY 12 (1—-Hr.X1-2Hr, o+4H
Spin-2 Spin-0

1.{0) wave funciton of spin-2
perturbations

no singularity at m”> —2H"., (Hr. —>1)
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Silva and KK

Non-linear evolution ==o [hep-th/0702169]

O Non-linearity of brane bending mode

ds* =—=N*(142%)dr* + 47 (142D )" +(1+2G)dy”
+2r.¢@, dvdx'

Solving bulk perturbations

imposing regularity condition m the bulk

Junction conditions on a brane

|

—TZ(I)=47rGa3pc5+§?2¢1 O+¥Y=-¢p p=1-287

irsa: 0705

P

3P(HVp+17 {af. (@9 Vip)-2 (&' @I@f@)} =87Ga’ pd

/

A

=

1+

L
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Spherical symmetric solution

d(p - 2 F 4 = \|3 / . % \.j b
=S5 A(r), A(r)=—|— iy | !
——=5A0), A= J % S

o . £ @2 )
Vainstein radius 8171, 7

=

\ 26 l ‘

I I




Silva and KK

Non-linear evolution =o [hep-th/0702169]

O Non-linearity of brane bending mode

ds* ==N*(142W¥)dt* + A* (1+2®)dx* + 1+ 2G)dy”
+2r.¢@, dvdx'

Solving bulk perturbations

imposing regularity condition m the bulk

junction conditions on a brane

—V-"® =4xGa” po +§v'¢x O+¥=-¢ p-1-20: 1+~§z |

h —
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Spherical symmetric solution

\
d r,
2 -2 A(r). A(r)— = r \/
dr r 5 \ ) |
X, i
Vainstein radius i Srfrg ‘ﬁ

r. =2G,M
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Silva and KK

Non-linear evolution =o [hep-th/0702169]

O Non-linearity of brane bending mode

ds* ==N*(1+2%)dr* + 4 (1+ 2@ )dx* + (1+2G)dh”
+2r.@, dvdx’

Solving bulk perturbations

imposing regularity condition m the bulk

junction conditions on a brane

—V:(I)=—Iiz'Ga2p(5+;T:(p. OP+¥P=—9 p=1 _H}. g

||||| Page 35/54

L3BOVp+iie (29 Vig)-2, (Fpa ')} =8xGa?p5



Spherical symmetric solution

y
d T,
P _2 A0, A(r)—— | JLL[ | 3
dr r L5 |
X, v
Vainstein radius 8 r, \3

r. =2G,M




Silva and KK

Non-linear evolution ==o [hep-th/0702169]

O Non-linearity of brane bending mode

ds* ==N*(1+2%¥)di* + 4 (142D )" + (1+2G)dh”
+25.¢@, dvdx'

Solving bulk perturbations

imposing regularity condition mn the bulk

junction conditions on a brane

|

irsa: 0705

P

—T:(I)=47rGalp§+§‘F:tﬁ O+VY=-@ p=1-28 |

3p(tN"p+r1” {E’f (E‘fgo TZQD) =& (E:?Iqo ﬁj@fgv)} = SEG&I:,{J(S.

3H?

h i~

1+

Page 37/54



Spherical symmetric solution

9@ _% A, A(r)—
dar r

Q2

\ 5

HIZER

r, =2G,M

Vainstemn radius




——————————————————
Validity of linear theory

O Linearized solutions are smoothlv matched to GR solution

O Boundarv condition in the bulk 1s crucial
ct Gabadadze and Iglesias (Detfavet et.al)
impose a relation between @V &= ‘ds T=—eldt +etdr’ +17dCY

s 2 = 2 ok e s = g e
— linear solution 1s different | + ydrdy+e°d |

approaches to 5D even below 7 with a screened mass
| - 173
M - =ﬂ[( Ll }

regularity in the bulk?

0 Full non-linear solution?

irsa: 07050040




Spherical symmetric solution

dr r W
1 § X .f"

d r 2 ( ¥( nY \'
= = AG) A(r):ﬁ —‘ \/Pr - | -1
2 b

Vainstemn radius

r, = 26 M




———————————————————
Validity of linear theory

0 Linearized solutions are smoothlv matched to GR solution

O Boundarv condition in the bulk 1s crucial
ct Gabadadze and Iglesias (Deftavet et.al)

. ; | 7.2 —A 4.2 Har. 3 2
impose a relation between @ W &= ds” =—¢ "di" +e drm +r7dly

= linear solution is different + ydrdy +e°dy’ |
approaches to 5D even below 7 with a screened mass
M =M(r, /1)
regularitv in the bulk? ks .

5D

0 Full non-linear solution? —GM/r —GM_. /1
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Spherical symmetric solution

/£ 3( 3 3
dp . v4 k3 (s
e _ EA(), A(r)=— - \ 1+‘ il P
df' r_ 3 ﬁ \ ?'k _,‘ \\ r /a ,
1 X F
Vainstein radius 8 r, 3
s — ‘ = rg = 2G_IJI




'
What is an end state of the ghost?

[zumi, KK, Tanaka, Pujolas in preparation

m [wo branches
Embedding of a brane in 5D MinkowskKi

H

=1 F2Hr | | +raeruse
P=1F ‘ =



'—
m Bubbles of normal branch formation?

(+)-branch: unstable (-)-branch: stable

“false” vacuum decay? H, > H
Is there a Coleman-Delucia type instanton?
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'

m Can we construct such an instanton?

GY) +2r.GY5(y)=0

5) _ AD- %
G,ur} - AQ:’(,{H*O (I)
=-2(6,+6,),.0 (v)
(deficit angle)

GE: i [Er;n' = ,uvﬁr}j‘(y )
2 91 +€-. (5: (,I‘)

= = ? tan =

c

Atanb, -0_)=0 @ 6, = e EZ) no solution!

2
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m Solution with a 3D domain wall tension

-

There is a solution in thin wall limit Gj; +23;G$5{ y)=—>u ;fm,_»';z (x)
However, it is impossible to construct e
such a configuration from a scalar field R on-mzmall M omi

- I" '2 I.’ [ 1

Pg = 3;¢

1—72 11+ 422 p, /3

2 g
I _fc

m Branch changing solution

Branch changing solution passes

3
through = ’ Hr

lk“
3

B -I-K_': rf
m) the brane bending mode becomes '«
strongly coupled

h'
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Conclusion

m Self-accelerating universe

Opens up a new perspective to dark energy problem

Great opportunity to exploit future cosmological
observations

m [ heoretical challenges
ghosts, strong coupling problem, superluminal modes...
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'
m instanton connecting (+)-branch with (-)-branch.

Instanton Is a Euclidean classical solution

connecting the initial state and final state
Euclidian de Sitter §*

-branch: unstable (-)-branch: stable

(-)-branch bubble
In (+)-branch sea

irsa: 07050040



'
What is an end state of the ghost?

[zum1. KK, Tanaka. Pujolas in preparation

m [wo branches
Embedding of a brane in 5D MinkowskKi

H

T=1F2Hr | | +rapmwm—
p=17F ‘ T



'
What is an end state of the ghost?

[zumi. KK, Tanaka, Pujolas in preparation

= Two branches
Embedding of a brane in 5D MinkowskKi

H

=15 2Hr | 1 +rarovs
[ \_ o



——————————————————
Validity of linear theory

O Linearized solutions are smoothlv matched to GR solution

O Boundarv condition in the bulk 1s crucial

ct Gabadadze and Iglesias (Detfavet et.al)
ds* =—e'dt* +e'dr’ +r’d)’

mmpose a relation between OV &=

= : 5 o P S o 3.2
=) linear solution is different | +ydrdy+e°d
approaches to 5D even below 7, with a screened mass
| - \1/3
M - =ﬂ[( i ]

regularity in the bulk?

0O Full non-linear solution?
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Self-accelerating universe

3 - =2 - - v = l

—K _A__'_A{H’A’ =0 N :H;/ur - Y nv

I | ' r.

m Self-accelerating universe \
Non-linear terms are comparable to the \
linear term 1 — }
the strong coupling scaleis — = H 2 |
£ |
Then we cannot trust anything below H -
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Re-definition of background

(Nicolis and Rattazzi,
Deffavet)

- — = o —— N f S —
A;n' Ai};n' If: T;:Trql A_m* "'T{;t:\ V)~ *\' At ICY‘H‘;J‘

—K-E*sE_KE™ -4

1; : \

| ~
- r a ] I' — =




Self-accelerating universe

3 - 2 - = LV = l
_A _K_ +AHI’A' :0 A :H;/Hl’ . ;/Hl’
I | ‘ i
m Self-accelerating universe X
Non-linear terms are comparable to the \
linear term 1 — }
the strong coupling scaleis — = H 2 IJ
£ /
Then we cannot trust anything below /! |
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