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1/ DGP model (in 3D) or « brane induced gravity »
and « massive gravity »

2/ Cosmology and phenomenology
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Why being interested in these models of « massive gravity »?

Pirsa: 05100051 Page 3/86



Why being interested in these models of « massive gravity »?

=

—) One way to modify gravity at « large distances »
... and get rid of dark matter and/or dark energy 7
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Why being interested in these models of « massive gravity »?

o

—) One way to modify gravity at « large distances »
... and get rid of dark matter and/or dark energy 7

/H’fz%p

Changing the dynamics
of gravity ?

Historical example the success/failure of both
approaches: Le Verrier and

* The discovery of Neptune
» The non discovery of Vulcan... but that of GR
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1. The DGP model (or brane-induced gravity).

Dvali, Gabadadze, Porrati S = Mé) / d%\/g (j%+...)
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1. The DGP model (or brane-induced gravity).

- - 3 5 -
Dvali, Gabadadze, Porrati § — j\/[(a) f d I\/g_; (R i )
o 4
/ T d I\/gﬁmattﬂ
brane
—_—

. 5D Minkowski bulk

\}

@‘(‘éﬁ -l-/ d41:\/§ (*WI%, R+ -- )
brane

p”
o
—) Phenomenological interest

large distance modification of gravity ...

—) Theoretical interest
Consistent (7) non linear massive gravity .......
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1. 1. scalar toy model
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S = Mg, /d4$ dy (840)° + My / d*z (8,0)°

brane

=> Green equation (E\/Ifa)ﬁ(za) = 1’1/1{24)6(3;)3(24)) Ggr = 6*(z)d(y)

¥
Gp = 13 1 e —Plyl
2M G Pt rep?

oD potential at 4D potential at
large distances small distances
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1. 1. scalar toy model
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brane

= Green equation (Mfs)afa) 5 M&ﬁ(y)aﬁl)) Ggr = 54(1')5(?})

¥
Gp = 13 1 e—Plyl
2M G Pt rep?

oD potential at 4D potential at
large distances small distances

1 1

V ' e — - > ~ —

(r) ~ 5 V(r)~ -

M2

Transition 7T ~T¢
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In terms of Kaluza-Klein modes Wavefunction suppression
on the brane

..

|

1 i e
7 (A O
(r) o M? /0 4+ m?r2 r

(5)
/

Only modes with m < 1/r,
contribute ()

*|If suppression (I) does operate (if 1/r, < 1/r) : the
number of contributing mode is frozen: 4D potential at
small distances

*|If suppression (l) does not operate (if 1/r, > 1/r) : 5D
potential (at large r)
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1.2 Back to the DGP model :
» Newtonian potential on the brane behaves as

- 1 : :
! (?”) X — <= 4D behavior at small distances

T

T'T( r) % === 5D behavior at large distances
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1.2 Back to the DGP model :
* Newtonian potential on the brane behaves as

“ 1 . .
Vir) @ — <= 4D pehavior at small distances

r

T'T( r) x — === 5D behavior at large distances

» The crossover distance between the two regimes is given by
M,
(4

fe T g
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‘1.2 Back to the DGP model :

» Newtonian potential on the brane behaves as

R 1
| (7)) X — <= 4D behavior at small distances

V(r) X = <e=== 5D behavior at large distances

.f-

» The crossover distance between the two regimes is given by

2
r. — M(g) sl This enables to get a “4D looking” theory
21\/1(5) of gravity out of one which is not, without

having to assume a compact (Kaluza-

Klein) or “curved” (Randall-Sundrum)
bulk.

Pirsa: 05100051 Page 14/86



1.2 Back to the DGP model :

Newtonian potential on the brane behaves as

e 1
| r) X — <G 4D behavior at small distances

V(r) X = <e=== 5D behavior at large distances

.f-

» The crossover distance between the two regimes is given by

2
T M(g) al [his enables to get a "4D looking” theory
Lo of gravity out of one which is not, without

having to assume a compact (Kaluza-

Klein) or “curved” (Randall-Sundrum)
bulk.

« But the tensorial structure of the graviton propagator is that
of a massive graviton (gravity is mediated by a continuum of
massive modes)
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‘1.2 Back to the DGP model :
Newtonian potential on the brane behaves as

S 1
| (7)) X — <= 4D behavior at small distances

V(r) X = <e=== 5D behavior at large distances

.f-

» The crossover distance between the two regimes is given by

2
r. M(g) sl This enables to get a “4D looking” theory
2M'<5) of gravity out of one which is not, without

having to assume a compact (Kaluza-

Klein) or “curved” (Randall-Sundrum)
bulk.

» But the tensorial structure of the graviton propagator is that
of a massive graviton (gravity is mediated by a continuum of
massive modes)

Leads to the van Dam-Veltman-Zakharov
discontinuity on Minkowski background? ™
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vDVZ discontinuity

and
Pauli-Fierz action




Pauli-Fierz action: second order action
for a massive spin two h,w

Jd*z \/g(R — 2A) +m*(h, h* — h?)

Y

second order in h
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Pauli-Fierz action: second order action
for a massive spin two h,w

Jd*z \/g(R — 2A) + m*(h, h* — h*)

Y

second order in h

Ve

N Only Ghost-free (quadratic) action for a
B massive spin two  Pauii. Fierz
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On a Minkowski background:
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e.g. amplitude between two non relativistic sources:

T* x diag(m;.0.0.0) :

T . | :
. A ~ smimz2 Instead of A~ 51 1mM2

S* x diag(m,.0.0.0)

o

g Rescaling of Newton constant Grerion = %G:;;:

\\

defined from Cavendish ‘ appearing in

the action )

experiment

L

but amplitude between an electromagnetic probe
and a non-relativistic source is the same as in the
massless case (the only difference between massive and massless
case is in the trace part) => Wrong light bending! (factor %)
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An other look at the vDVZ discontinuity:
Schwarzschild-type solution

v(r) = —:_—S(l +
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An other look at the vDVZ discontinuity:
Schwarzschild-type solution

ds? = — e?Pdi2 4 eMP)dp? 1 erlp) pzdﬂg
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An other look at the vDVZ discontinuity:
Schwarzschild-type solution

ws) — :_—S(l

AME) +% T?S(l
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An other look at the vDVZ discontinuity:
Schwarzschild-type solution

v(r) = —:—S(1+312€+... i
with €= E&
A(r) =47 (1—2e+...

T Vainshtein 72

Introduces a new length scale r , in the problem
below which the perturbation theory diverges!

= Eop the sun: bigger than solar system! «— with 7, = (f‘sm_4)3%425‘*’86



So, what is going on at smaller distances?

g b Vainshtein’s answer (1972):

There exists an other perturbative expansion at smaller
distances, reading:

v(r) = — 1{1 + O (rE' 2;*52)} with r____l X m=?

. r) = E g ( 2 2.-’: 5.2)} :

s e {1 | S ) This goes smoothly toward
Schwarschild as m goes to
Zero

@ No warranty that this solution can be matched with the other
for large r! Boulware, Deser 72
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An other look at the vDVZ discontinuity:
Schwarzschild-type solution

v(r) = —:—S(1+312€+... 2
with €= E&
A(r) =47 (1—Ze+...

T Vainshtein 72

Introduces a new length scale r , in the problem
below which the perturbation theory diverges!

= Eop the sun: bigger than solar system! «— with 7, = (f‘sm_4)3%£256’86



So, what is going on at smaller distances?

g b Vainshtein’s answer (1972):

There exists an other perturbative expansion at smaller
distances, reading:

v(r) = — 1{1 1+ 0 (rE' 2/p? 2)} with r, ocm®/?

) =+2{1+o(#220)) [

fol {1 | i ) This goes smoothly toward
Schwarschild as m goes to
Zero

@ No warranty that this solution can be matched with the other
for large r! Boulware, Deser 72
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The vDVZ discontinuity is due to the scalar polarization of
the graviton being coupled to the trace of the source energy
momentum tensor...
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The vDVZ discontinuity is due to the scalar polarization of

the graviton being coupled to the trace of the source energy
momentum tensor...

While the Vainshtein mecanism is due to this

polarization having strong self interaction
C.D.,Gabadadze, Dvali, Vainshtein
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The vDVZ discontinuity is due to the scalar polarization of
the graviton being coupled to the trace of the source energy
momentum tensor...

While the Vainshtein mecanism is due to this
polarization having strong self interaction

C.D. Gabadadze, Dvali, Vainshtein
This polarization can be described by the following action:
Arkani-Hamed and Schwartz
1 2 1 1 2 3
3(V9) — 57T + 35 {(V?9)* + .. ]
i — 4 1/5
With A = (m MP) Other cubic terms omitted
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The vDVZ discontinuity is due to the scalar polarization of
the graviton being coupled to the trace of the source energy
momentum tensor...

While the Vainshtein mecanism is due to this
polarization having strong self interaction

C.D. Gabadadze, Dvali, Vainshtein
This polarization can be described by the following action:
Arkani-Hamed and Schwartz
1 2 1 1 /. 3
3(Vo)? — 310 + 35 {(V20)* + ... }
i — 4 1/5
With A = (m MP) Other cubic terms omitted

. € of mass M

The cubic interaction above generates
(1) coorrection at r—71,= (,,_ Smg;)aya,a

Interaction M/M ; of

rimeesKierngl source
writh



Besides the vDVZ problem

At non linear level, the most simple generalization of
Pauli-Fierz action propagates © instead of 5 degrees of

freedom, the energy of the sixth d.o.f. having no lower

|
bound! Boulware, Deser 72
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Besides the vDVZ problem

At non linear level, the most simple generalization of
Pauli-Fierz action propagates © instead of 5 degrees of
freedom, the energy of the sixth d.o.f. having no lower

|
bound! Boulware, Deser 72

@ This can be related to the « strong
coupling »problem as follows

C.D., Rombouts '05
(See also Creminelli, Nicolis, Papucci, Trincherini)
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Besides the vDVZ problem

At non linear level, the most simple generalization of
Pauli-Fierz action propagates © instead of 5 degrees of
freedom, the energy of the sixth d.o.f. having no lower
bound!

=> This can be related to the « strong

coupling »problem as follows

C.D., Rombouts '05
(See also Creminelli, Nicolis, Papucci, Trincherini)

Boulware, Deser 72

The action for the scalar polarization

Vol S dFt S {(VNoF |

Leads to order 4 E.O.M. = it describes two scalar
woofi@|dS, one being ghost-like



Namely, the action
L(V9)? — 3= 9¢T + £ (V29)3
Can be rewritten as

3(V9)? — 3(V9)? — 5767 + 379 T £ 32502457

T -
B i

ghost Encodes the cubic
self-interaction
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Namely, the action
L(V$)? — 36T + £ (V29)3
Can be rewritten as

3(V9)? — 3(VY)? — 51507 + 59T £ 32503/ 2A%/7

- -
T

ghost Encodes the cubic
self-interaction

The Vainshtein's mechanism is understood as the
cancellation at small distances, by the ghost of the
attraction exerted by the graviton scalar polarization, while
the ghost freezes out at large distance due to it potential.
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Namely, the action
L(V9)? — 3=9¢T + £ (V29)3
Can be rewritten as

3(V9)? — 3(V)? — g1-6T + 59T + J2=¢%/2A%/2

o -
"

ghost Encodes the cubic
self-interaction

The Vainshtein's mechanism is understood as the
cancellation at small distances, by the ghost of the
attraction exerted by the graviton scalar polarization, while
the ghost freezes out at large distance due to it potential.

... and one can argue that this ghost is the
-Bowlware-Deser ghost.






N Whatic guing 20 in DGFE model 2

- vDVZ discr.atinuity

* Gnosts and sirong ceupiingy

Py 05100051 Page 39/86



What is going on in DGP model ?

« vDVZ discontinuity

» Ghosts and strong coupling

j Homogeneous cosmology
of DGP model
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2.1 Homogeneous cosmology of DGP model

@rane position 1]
One solves GS,J)B: Op,gy /(Tw f«.;l G(4))

vy

C.D. 01

Tjgf !
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2.1 Homogeneous cosmology of DGP model

One solves G(E)J)B E ﬁg 5;,, 5V 6( muv 1 GE‘—’?

. N = [

e S e ._”f T T e ; _ e
e B il (n— S, T2 _
cNFray romentun: tencor =fizcive eneray

of brare « 722l maﬁor D

momeniun tensor
: Or 'r"\i“ F-‘C‘ r.,...NI"V

_:—""'-FF-' .

- |
|
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Those solutions have exactly Minkowskian bulk
(vanishing bulk c.c. and Weyl tensor) and induced
metric of the form FLRW:

ds? = -dt? + aZ(t) dx' dx! i+ Energy density of brane Iocaiized/mﬂeg

,,
This yields the \/H2+ ﬁ 5 € P(M) 1
Friedmann a? 2r.  \| 3M2 = 4r2

equations: 1
3 ==

\ P = —3H (P 53 ,0)

.
=
—
M

|
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Those solutions have exactly Minkowskian bulk
(vanishing bulk c.c. and Weyl tensor) and induced
metric of the form FLRW:

ds? = -dt? + aZ(t) dx' dx! Yi .Energy density of brane Iocaiized/mﬂeg

,,
This yields the \/H2+ ﬁ & & P(M) 1
Friedmann a? 2r.  \| 3M2 = 4r2

ti : \
equa i inth € — Z:]_
\ P = —-3H (P 5 3 :O)
~— o
—

Analogous to standard (4D) Friedmann equations
H? 4 kE _ PQu)
' a? BME,

& =_
Pirsa: 05100051 for sma” HUbble rad“ H << TC Page 48/86



Global Structure of cosmological e.g.: brane with flat spatial
solutions and the ¢ degeneracy section and a Big-Bang

Ishihara. Deruelle. Dolezel.
C.D.;: Lue

qual cosmic time

Brane The bulk is a slice of 5D
Minkowski space-time
 interior slice ifes=-1
« exterior slice ifcs = +1

g

Light cone o 2

~.Cosmic time

This generalizes the well known global structure of

Pirsa: 05100051 NN - " . - i " Page 49/86
fpser and Sikivie's; Vilenkin's domain wall space-time g

e



Late time cosmology \/ H?
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Depending on the
sign of €

I k S € \/
F—=— = T
a,(b} 7 2
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>3 7o

Late time cosmology \/Hz L +\/ : =
(b)

Depending on the
sign of €

a2 360 xS
( D) H2+?:?

= Late time deviation from standard cosmology
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Late time cosmology \/ L = - < +\/ ‘

|
ﬂ’(b} 25

Depending on the

sign of €
_ pj
2 k (AN
H”+5=——
a>  36M° 2ok

—
L

Brane cosmology in 3D
Minkowski bulk with no R term on

—p—
FRaooTreslrm Lo,

the brane (i.e.: solution to 3D

STelin- oY I\ aon
— et e Y | B’ o = AN b
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Depending on the
sign of €

One virtue of DGP model:
can get accelerated
universe by large distance

7. ;1 \/ et B :
H~ - = [D modification of gravity
SRR (C.D (‘01); C.D., Dvali L=
Gabadaze (‘02)). 2

Brane cosmology in 3D
Minkowski bulk with no Rterm o
the brane (1.e.- s¢ : ) 5L

Self accelerating solution

(asympotes de Sitter space
even with zero matter energy

density) ‘-y
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Some phenomenology of homogeneous DGP cosmology
The brane (first) Friedmann equation

- .
s A & i , (o
S u{zb) I { . \/41‘2 : 3
Can be rewritten as

Hz(z):HOQ{Q2(1-I—z (\/74—\/(2 + Qs l—l—z)) }

with 0, = 41"21H2 Acts as a cosmologlcal
= constant if £ = +1
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Some phenomenology of homogeneous DGP cosmology
The brane (first) Friedmann equation

w0
Can be rewritten as
H2(z):H§{Q2(l+z (1/ —l—\/Q + Q l-l—z)) }

et - 1

Te 41"3H§ % e

no big bang i

Phase diagram )

with € = +1 k/

ge 55/86
- ff_u



The self-accelerating phase fits well various observables

as

TABLE |: Recent estimates of the crossover radms r.
Method Reference re"
SNe la + CMB [10 1.4
SNe la [15] 1.4
Angular size [11] 0.91
Gravitational lenses [12] 1.76
High-: galaxies [13 <204
SNe la + X-ray [21] 1.09
SNe la° + [22] 1.09
X-ray"“:

Arbitrary curvature This paper 0.90

Flat case This paper 1.30
SNe la® + X-ray“

Arbitrary curvature This paper 0.98

Flat case This paper 1.28
*In units of F".

. . " | *Mast recent SNe Ia data : )
oY) 02 04 08 08 1.0 Most recent X-ray data From Alcaniz and Zhu 04
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The self-accelerating phase fits well various observables

0s
TABLE |: Recent estimates of the crossover radms r.
Method Reference re’
SNe la 4+ CMB [10]
SNe la [15
Angular size [11]
Gravitational lenses [12
High-> galaxies (13
SNe la 4+ X-ray [21]
SNe la° + Q. [22]
X-ray": —
Arbitrary curvature Thig pSper
Flat case Is paper
$Ne la® + X-ray“ /
Arbitrary curvature This paper
Flat case This paper
*In units of H;".
b At
Voat recent SNgladata 0 Aleaniz and Zhu ‘04

a0 a2 a4 as as 1.0 “Most recent X-ray data
y

/
~=¥ields = ~ Hy1, Qi ~ u.2.. for 2 flat Jniverce =~

U



2. 2 Back to the van Dam-Veltman-Zakharov
discontinuity...

® Exact cosmological solutions provide an explicit example of interpolation
between theories with different tensor structure for the graviton propagator.

C.D.,Gabadadze, Dvali, Vainshtein (2002)
large r_ 2

7. S % 7 A P
e small r, k
Solution of 4D GR with cosmic Solution of 5D GR with a brane
fluid source

So = M3 [ d*z\/—gR - — M(35) [ d&°z\/—gR

B Comes in support of a « Vainshtein mechanism » [non perturbative

recovery of the « massless » solutions] at work in DGP...... Recently an
other exact solution found by Kaloper for localized relativistic source
_ .S3howing the same recovery.....
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 Perturbative study of Schwarzschild type solutions of DGP

model: | |
Gruzinov, Porrati, Lue, Lue & Starkman, Tanaka

Potential: 4D 4D oD
: o7 |
gl cLs 2 - L
ensor a5y v (?‘C ’T‘s) 5D Fe oD
structure:

L Vainshtein radius for DGP model
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 Perturbative study of Schwarzschild type solutions of DGP

model: : .
Gruzinov, Porrati, Lue, Lue & Starkman, Tanaka

Potential: 4D 4D 5D
i 1/3 |
= . 2 i
ensor 4y u (?‘C 7‘3) 5D Fe oD
structure:

L Vainshtein radius for DGP model

Related to strong self interaction of the brane bending sector

C.D..Gabadadze, Dvali, Vainshtein; Arkani-Hamed, Georgi
Schwartz; Rubakov; Luty, Porrati, Rattazzi.
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« Perturbative study of Schwarzschild type solutions of DGP

model: : |
Gruzinov, Porrati, Lue, Lue & Starkman, Tanaka

Potential: 4D 4D ~ 3
i 1/3 |
& L 2 =
ensor a5y u — (TCTS) 5D Te oD
structure:

L Vainshtein radius for DGP model

Related to strong self interaction of the brane bending sector

C.D..Gabadadze, Dvali, Vainshtein; Arkani-Hamed, Georgi
Schwartz; Rubakov; Luty, Porrati, Rattazzi.

Indeed, from

3K® /r. + K Ky — K5y K® =T/ M3
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 Perturbative study of Schwarzschild type solutions of DGP

model: _ |
Gruzinov, Porrati, Lue, Lue & Starkman, Tanaka

Potential: 4D 4D 5D
i 1/3 |
i b 2 i e
ensor gy Ty (TCT‘S) 5D Te oD
structure:

L Vainshtein radius for DGP model

Related to strong self interaction of the brane bending sector

C.D..Gabadadze, Dvali, Vainshtein; Arkani-Hamed, Georgi
Schwartz; Rubakov; Luty, Porrati, Rattazzi.

Indeed. from
b v
KO re+ KKl — KK =T/31%

: e : Tanaka; Nicolis
Non linearities responsible for Rattazzi:Damour
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3K® /re + K Kl — Ky K® =T/ M3

With K\ = 8,0,¢.

this yields the equations of motion for ¢
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3K® /re + K Kl — Ky K® =T/ M3

With Ky = 8,0,6 .
this yields the equations of motion for ¢

6 82@ Aeblcp (8”8”@)2 i A?blap (azqﬁ’) o 4;/-;13

e I
——

Generates the correct correction to
Schwarzschild metric, with the strong
coupling scale Apgp
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3K® /re + K Kl — Ky K® =T/ M3

With K\ = 8,0,¢.
this yields the equations of motion for ¢

6 82@ Aeblcp (8pau¢))2 i A?blap (82¢) o 4;/-;?

e I
——

Generates the correct correction to
Schwarzschild metric, with the strong
coupling scale Apgp

S R
e

However, equations are second order !

@ No ghost a la Boulware, Deser
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Perturbative study of Schwarzschild type solutions of DGP

model

Potential: 4D

Gruzinov, Porrati, Lue, Lue & Starkman, Tanaka

4D

oD

=

Oon
e i
|
.

)
{
—
(D

Pirsa: 05100051

; . i
e — (?‘3?"5)1/3 5D Te

\ Vainshtein radius for DGP model

@)
O
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Pertyrbative stydy of Gchwarzscni'd type solutigns of DGP

model on a d2 Sitter backgrounc

..o Lue & Starkman

Potential: 4D 4D 5D
} g '

Tensor _‘:}T{-‘r — ( ?"3?'5__{-\)1/“ 5D Te 5D

structure (1-4-€Zr.H\*

Pirsa: 05100051

\ Vainshtein radius for DGP model
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Perturbative study of Schwarzschild type solutions of DGP

model on a de Sitter background
Lue & Starkman

Potential: 4D 4D 5D

s
Tensor 4D ¥ — T‘f?‘s / 5D Fe
V. (1+€2r.H)?

structure:
\ Vainshtein radius for DGP model

At distances much smaller than r/,
the correction to the Schwarzschild
metric were found to be (Lue, Starkman)

3/2
toan(r) = =2 {1 +e ()|
rs Jq

\oor () =+2 {1-5 ()"}
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Perturbative study of Schwarzschild type solutions of DGP

model on a de Sitter background
Lue & Starkman
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Perturbative study of Schwarzschild type solutions of DGP

model on a de Sitter background
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Interesting phenomenology/cosmology associated with the
Vainshtein mechanism in DGP

Does this mechanism work there ?

+ Cosmological solutions play a tricky role for the vDVZ discontinuity:

No vDV/Z discontinuity on AdS (and dS) (Higuchi: Porrati; Kogan.
Mouslopoulos, Papazaoglou)

Known solutions of bigravity theory, with « cosmological
asymptotics » which are arbitrarily close to « massless »

Schwarzschild solutions (Salam, Strathdee '77; Isham Storey '78; Damour.,
Kogan, Papazoglou '03; Blas, C.D., Garriga ‘09).

» Result obtained perturbatively, surprises can arise trying to find the
exact solution... similarly to what was recently studied by Damour,
Kogan and Papazoglou in massive gravity or by Gabadadze and
|glesias for DGP!
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@ Need for a good underlying quantum gravity

construction Dvali. Gabadadze, Kolanovic. Nitti- Kiritsis.
Tetradis, Tomaras: Antoniadis, Minasian,
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Conclusions

DGP gravity - Modifies gravity at large distances

» Has a well defined action principle

» Accelerates universe expansion with no c.c. and the same
# of parameters as ACDM

» Can be distinguished from ACDM

* Interesting observables linked to the « Vainshtein
mechanism »: gravity Is (also) modified at distances smaller
than cosmological
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J J d ... Cosmological solutions and

other arguments in agreement with a Vainshtein recovery of solutions to
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