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I. The simplest Galileon: DGP decoupling limit

1.1 The DGP model Dvali, Gabadadze, Porrati, 2000

> S = /d5x\/§(ﬁ+---)
Usual 5D brane

& world action 3 4
0(\66 T d*x+/gLmatter
=X 68\
((\0 \ brane
Peculiar to 4
DGP model [ d"x+/g (R+--)
brane
A special hierarchy between T —~— -
M), and M is required * Brane localized kinetic
to make the model term for the graviton

phenomenologically interesting , _ ,
« Will generically be induced

Leads to the e.o.m. by quantum corrections

5
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DGP model
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Phenomenological interest

A new way to modify gravity at large distance, with a new type
of phenomenology ... The first framework where cosmic
acceleration was proposed to be linked to a large distance
modification of gravity (C.D. 2001; C.D., Dvali, Gababadze 2002)

(Important to have such models, if only to disentangle what
does and does not depend on the large distance dynamics of
gravity in what we know about the Universe)

Theoretical interest

Consistent (?) non linear massive gravity ...

Intellectual interest

Lead to many subsequent developments (massive gravity,
Galileons, ...)



Homogeneous cosmology of DGP model

One obtains the following modified Friedmann equations (c.p. 2001)

|

Energy density of brane localized matter

Two
branches of
solutions P(M) | 1
2 2
2rc IMp  4rg
= 4+£1
Equal cosmic time .
p = —3H(P+p)
Light c 'Co%lr%lg%rr]r?e \ -
——

» Analogous to standard (4D) Friedmann equations

H? —+ a% — §§\]/}/I2) In the early Universe
P (small Hubble radii H~' < r.)

 Deviations at late time (self-acceleration)
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In the DGP model :

* Newtonian potential on the brane behaves as

be 1
V (T) X py <= 4D behavior at small distances

IT( T"') X L === 5D behavior at large distances

2
» The crossover distance between the two regimes is given by

2
r., — MP This enables to get a “4D looking” theory of gravity out of
C 2N 3 one which is not, without having to assume a compact
(3) (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)

u Leads to the « van Dam-Veltman-Zakharov discontinuity » on
Minkowski background (i.e. the fact that the linearized theory differs
drastically — e.g. in light bending - from linearized GR at all scales)!

u the vDVZ discontinuity, is believed to disappear via the « Vainshtein

mechanism » (taking into account of non linearities) c.p.,cabadadze, Dvali,
Vainshtein, Gruzinov; Porrati; Lue; Lue & Starkman; Tanaka; Gabadadze, Iglesias;...



1.2 DGP decoupling limit Luty, Porrati, Rattazzi, 2003

A good description of many DGP key properties is given by the action

H -
3O (0, o) O Mp T
K Energy B 9 1/3
Scalar sector of the model scale . N = (’rc /Mp)

Yielding the e.om. [ — 3A3 [(Dﬂ') _ ﬂ.;uyﬂ.;uv] _ 3]\7/”[13

@ Leads in vacuum to two branches of solutions, 7 ~ 0 and 7w ~ A3
representing the two branches of solutions of the original model...

@ Around massive body @), the cubic self interaction of = becomes of
the same order as the quadratic term at the « Vainshtein radius »

Interaction M/M;, of thew

. The cubic interaction above generates
external source with = O(1) coorrection at 7 =1y= (,r Tg)l/




| N p _ 2
The action 3707 e (8M7T8 7T) C7r A 'l
|s obtained taking the « decoupling limit » ( Mp — 00

Luty, Porrati, Rattazzi; M5y — 00
AT : <
Nicolis, Rattazzi A fixed

| T/Mp fixed

ﬁt can be obtained from the (5D) « Hamiltonian » constraint \

R=K? -

2
nv
Where one substitutes the Israel junction condition

K = & (T + MER)

, (5)
Toobtain 3 g _ K2 2 _ T

K -K '+ K, = w2
Alast substitution K, = 7/50,0,7

Yields the e.0o.m. for m deduced from above action :

\ U — # [(DW)Q — W;HVW;“V} = /

-~ 3Mp

@ NB: second order e.o.m.
( = No « Boulware-Deser » ghost, C.D., Rombouts, 2005)



Expanding around the vacuum solutions of

s — 3% [(DW)Q - W;MVW;W] — ﬁ

@ 7 ~ (0 Positive energy fluctuations

@ 7 ~ A3 Negative energy fluctuations

i.e. widely discussed ghost of DGP self
accelerating branch
Luty, Porrati, Rattazzi, 2003; Koyama, 2005;
Gorbunov, Koyama, Sibiryakov, 2006;

Charmousis, Gregory, Kaloper, Padilla, 2006.
C.D, Gabadadze, Iglesias, 2006...

Note however that the background solution is at the
scale A, believed (most of the time) to be the UV
cutoff (Luty, Porrati, Rattazzi; Dvali; C.D.) . One should
keep this in mind (often forgotten when addressing
the DGP ghost and stability)!



Il. Generalizations

Il. 1 Flat space-time Galileonin 4 D

@ Galileon

Originally (Nicolis, Rattazzi, Trincherini 2009) defined in flat space-time as
the most general scalar theory which has (strictly) second order
fields equations

@ In 4D, there is only 4 non trivial such theories

Lio) = m7" (with Ty = O Ty = 00,7 )
E(:&.n) = mhm

E(-l.n) = (Um)

3 \ o/
C(S.U) = (On) (T;l ) — 3 (



Simple rewriting of those Lagrangians with epsilon tensors
(up to integrations by part):
(C.D., S.Deser, G.Esposito-Farese, 2009)

L(2,0)
L(3,0)

L(4,0)
L5,0)

H1ALA2A3 1
€ € A dons T o

6“1 2N A2 _V1V9

: Ao T Ty T g

(L1 12 43N] V11213
€ € A1 7T,u¢ Ty 7T,u.2 ) Wu 33

13 g V1 VU3 V4
€ € 7T;1.1 7Tl/1 7Tp£2 V2 ﬂ-ﬂu.‘% V3 ﬂ-ﬂd: V4

g This leads to (exactly) second order field equations



Indeed, consider e.qg.

[L1 L2 [L3 A1 61/1 Vo3

Loy = €

A1 1 Ty Tpove Tpgvs
~x (Or)? (m, m) — 2 (0n) (7, ™ )

— (T ™) (mp 7P) + 2 (77’ 7y, )



Indeed, consider e.qg.

E(—l.(n)) — 6“U’2H3 16”1]/2"3

s

)\1 Ji1 /" 1 /1 (L1219 / L33

Varying this Lagrangian with respect to « yields (after integrating by part)

T e -111[.12;13)\1 V1rar3 T s _ _ .
()»C(_l_(j) D —€ € )\1()/(()“1 {“V‘l /(#_.21,2/(#_3”3}

L f/

Second order
derivative



Indeed, consider e.qg.

o MIp2p3AL V1v2v3 o —
E(—l,()) — € € A "t Mo Mg M pgrs

Varying this Lagrangian with respect to « yields (after integrating by part)

) f [1H2U3AL V1V2V3 S R - '
OE{—LU) ) —€ € )\1(’)/(()‘(,1 {“1/1 /(#,21,2/(#,31,3}

Z /

Third order
derivative...

... Killed by the
contraction with
epsilon tensor




Indeed, consider e.qg.

E(—l.(n)) — 6“U’2H3 16”1]/2"3

s

A " Mo g 1 pgrg

Varying this Lagrangian with respect to « yields (after integrating by part)

" QL2 31 V1213 Wil - _ _ ;
()'C(—l.(l) D — 12l € )\1()/&()“1 {“V‘l ”#-‘2“2“#-3“3}
Similarly, one also have in the field equations

S 11 p2p3AT V12V S 9 ©
0La0y D €eHhsMe 5y 0T O Olzpy 1 Ty Wy Wsgs |

Z /
Yields third and fourth
order derivative...

Hence the field equations are proportional to Killed by the epsilon tensor

12 (3N V1213

5(4.0) — € € )\177-;1/11/1 Tpova T pzws

Which does only contain second derivatives



The field equations, containing only second derivatives,

M1 p2p3A
5(4!0) — £

viv2l3

‘ A1 ﬂ—“’l o 7TN2 V2 7TN3 vy 0

Have the « Galilean » symmetry
T—7m+C+D,x"

They also can be written using 4 (and lower) dimensional determinants and are in
fact generalized Monge Ampere equation of the form det (w;;) = 0 (Monge

Ampere equation have interesting integrability properties - Fairlie)

The field equations read

Ho (1)1 4Ha(2)V2 +Ho(n)Vn — —_ T — §
E E(O')L(j (1) g (272 . 4] (n) Npgpr Nvopo Nvgpg -« - Noppy — 0

CTGSH S~ ——— _——

Linear in second time derivative ( =) Good Cauchy problem ?).




Il. 2 Flat space-time Galileon in arbitrary Dimension

In D dimensions, D non trivial Galileons can be defined as

o E 1 vy v o v, [ — — — —
£{71-+1.0) — E(U)g't o(1) 19 (72, ) o(n) n(”r_xl “,u.l)(“pg,u.g Nugpg + -+« ! pn,u—n)-

oESK

Only the Lagrangians with ) > n. are non vanishing.

Using the tensors

A/ll/lg“'“?n _ l HIH3HE - 21 V1V2... VD H2HAHE---H2n
= ra..Vp_n

o ‘ — €
(2n) (D —n)! A(2n) is antisymmetric (separately)

. . in odd and even indices
Or to alleviate notations

‘_. mva..Vp_n @

< - ViV...VD_n

One has

ﬁ(n+1_(“)) — —A(-),,.) (Wlﬁ‘z _)(734756'775 o W[lg'n_1[lgn )

-
-
-
-
-
M
—_— . - ===

All free indices are contracted with those of A(-zu )



Up to total derivatives, the following Lagrangians are equivalent

E(}all o Hy-o P41V - V41 o =

N o (2n+2) Tpni1Tvngr ) Tpgvq - - Tppy,
[Gal2 _ H1-BnpV1eVn X\ _ _

N — (2n) My TN 1 ";1-21/2 « o ”“‘nyn
£(}‘dl,3 L H1---HnV1..-Vn - _)\ — —

N = (2n) W\ M#lyl .« o ”H-n.’/n

One has the exact relation

‘AT Gal,2 (ml 3 Gal,1
(_A\ - Z)C*\ — E ,Ci,\r



Il. 3 Curved space-time Galileon

A naive covariantization leads to the loss of the distinctive properties of the Galileon
Indeed, consider now in curved space-time (with 7, =V mandrw, =V V, m)

. M1p2p3Ar vivevsy o -
E(J:.”) = € € )\1!([11“1/1 ’([121/‘21‘[13’/3

@ Variation yields in particular

S P12 p3 N V1V2V3
OE(LJ:‘O) D E 6 )\lOﬂ_VVQ Vluz {Tr‘ul 7-‘-1/1 ﬂ-#g‘v/?’}
Z /

Third derivatives generate
now Riemann tensors ...
and fourth derivatives,
derivatives of the Riemann

Indeed the (naively covariantized) £(410) has the field equations

& 5(4.0) = —4 (D ) — 8 ( '—‘u' ™ H) ( _‘) ( puﬁ“ ) o (ﬂ ! ) (
+2 (T m, TP )|+ 8 (, ﬂ’”
(T ) (”V@ :‘i i Ty Ii/m'- Klnetlc lelng ,U,-i‘.z‘) .

RZI/)

I\
[J




Similarly, varying w.r.t. the metric

o _p1p2p3A1 vivavs oo _
£’(4~U) — € € At vy M povg g
U
dg

Yields third order derivatives of the scalar = in the energy momentum tensor

Do not vanish in flat space-time !
/ P

Zi%} (7 7) 7 (2 ?TAP’G — ‘.-'Tpp}‘)
+ (?u 'fr") t (’r P ) - (n‘,x 71"\) vl (frp‘”” — W”’”p)
e (?r‘“‘ir)\p + v Tro ") H A) (7, [T*"P)

(?T,wr
— (?TA Ty T ?TAPU) gttt — (W,\ ’)‘) (m,
+ (7t ") [3 (‘:‘T,\p ';r"‘p) — 2 (DW)Q} + (M) (2 TP T, + a D?T)
—|—3(|:|?')’T)‘( Mo 47N o ”‘) — 4y TP (?‘p“‘r + 7, ‘r”‘)

—2 (my ‘n"\‘”) (m, ) — ; (7 ’ITA) [(D’ﬂ')z + (7o )| g
+7\ T, [E’;ﬁ’\"" m f—2(0m) ﬂ"\ﬂ gt

T, P )9

=




This can be cured by a non minimal coupling to the metric

Adding to
£(40) _ (Dﬂ)z (W;LW'&) < (DW) (Wﬁ_'ﬁ”pﬂp) o (W;mﬁm ) ( T ) 19 (’.f_ ,,,—ﬁm prﬂﬂ)

The Lagrangian

1
Lay = (mm?)m [PW

) ;u Rj| T,

.

@ Yields second order field equations for the scalar and the metric
(but loss of the « Galilean » symmetry)

e.g. one has now the energy momentum tensor
T = 4(0On) m,[n* 7 + 7¥ 7] — 2(On)? (7# 7¥) + 2 (Orr) (my )
+4 (m TP T,,) () — 4 ('/T)\ ﬁ’\’") (mp, ) + 2 ( ’\P) (")

_9 (7/\ I_/\) (/—“p _/n/) —4 ﬁ)\ ’_)\[ [_p/.' v 0l pv _;1] o (Dr)l (W)\ 7)\) g;m
—4 (Or) (m M ﬂ,)) g’ +4 (W/\ T T oo ﬁ”) g™

1
+ (7,\ r’\) (7 p6 ) g + (r,\ r’\) (m* 7)) R — i (r/\ r)‘) (m, ") g" R



This can be generalized to arbitrary Galileons
(arbitrary number of fields and dimensions)

Introducing E('H-i-l.p) — —./4(*_).,,')71'137272(],)8((1)

1 =p
. L _ _/\ P
With R(.[,) — (“/\“ ) HR/141_1/!41+1 [di [4it2
|
1=q—1
S(q) = H Mpon—1-2i p2n—2i
=10
The action
Pmax
D_. /. § |
]_/({ Ly —(g C(ﬂ—l—l._p)ﬁ(ﬂ—l—l,p)
with p=0

C _ 1" (n—1)! B I\ (m—1\ [2p
(n+1,p) — (\) (N . l . —)[))' (]")2 o 8 _)1) P

Yields second order field equations.

@ Heuristically, one needs to replace sucessively
pairs of twice differentiated = by Riemanns



This can be understood as follows. Considers e.g.

E(_l‘j!(_]) = T T o T pusgpa Tpspe Tprps — _«4(5) 179 T3 T56TT78 .
ﬂ Vary w.rt. =
OnL(5.0) = —2 T-

_—A(ﬁ)(571727:%475(5778 — 3u4((\ T1T20T34 56T 78
ﬂ Only « dangerous » term (i.e. term leading to higher derivatives)
()ﬁ,() N—g.Ah’T’T_)S (345677
@ Integrating by part
O E 5.0) " —3 X 2 ()u.A( M1 TToTT5643 778

@ Using the antisymmetry of A sy and the Riemann Bianchi identity
0rLs0) ~ —30mAw)yT1m2 (Tr643 — Tra63) T8

~ —30m A( 8)7T172 TAR46q)\ 37078

~ —= 0T AR T TaT M(Rugsna + Raeass) mrs

@ Can be cancelled by varying L 1) = iA(g)" e (7‘1’)\7'(}\) Raxa6 T8



3
Note that the extraterm [ ) = 1“4((*)7172 (I_‘/\j_(,\) Ras g Tos.

Does not generate unwanted derivatives of the curvature thanks to Bianchi identity

@ Indeed one has A sy R3546;7 = 0
Ag)R3546.8 = 0

Similarly to A(8)87W35 — ()
A(8)687T46 =0

< -

@ Yields an easy generalization to p-forms



Il. 4 Generalization to p-forms

C.D., S.Deser, G.Esposito-Farese,
E g consider arXiv 1007.5278 [gr-qc] (PRD)

T /(,DJ, g e (Opwng.. - ) (O, ... )

With A,... a p-form of field strength  wWxuw... = I Ay

In the field equations, Bianchi identities annihilate any 8“ 8[0-%% ]

@ E.o.m. are (purely) second order

E.g. for a 2-form
] = [ 1 SV PITOX Byoeln | ) )
< Wpvp Wapy UsWse¢ UnWrpy

@ Note that one must go to 7 dimensions (in general one has D > 2p + 3)
and that this construction does not work for odd p (the field equations
vanish identically = open question: vector Galileon ?)



This can be generalized to multi p-forms (different species) in which case
one can have [odd p]-forms

(labels different p-forms) m‘ ﬁ

D . _pv.._ aB... a b o o .C o, .d
I = /d xel = '“'L’T,t.r,.p,..'“’ua-ﬁ.,.(Oﬁwﬁé.,. T )(OEL-UUT,.. " )

(NB: this can/must also be « covariantized » using previously introduced technique)

One simple example: bi-galileon, e.g.

I = [dPzePe 100, (Tsy...) (Pupe-.)

with {WQ = O, Tgy = Op0ym
QOM — Mgpv (}pr = 3,,(%90

= and ¢ being two scalar fields Padilla, Saffin, Zhou (bi-galileon):

Hinterbichler,Trodden, Wesley (multi-scalar galileons)



Il. 5 From k-essence to generalized Galileons

C.D. Xian Gao, Daniele Steer, George Zahariade
arXiv:1103.3260 [hep-th] (PRD)

What is the most general scalar theory which has
(not necessarily exactly) second order field
equations in flat space ?

Specifically we looked for the most general scalar theory such
that (in flat space-time)

i/ Its Lagrangian contains derivatives of order 2 or less of
the scalar field =

ii/ Its Lagrangian is polynomial in second derivatives of =
(can be relaxed: Padilla, Sivanesan; Sivanesan)

iii/ The field equations are of order 2 or lower in
derivatives

(NB: those hypothesis cover k-essence, simple Galileons ,...)



Answer: the most general such theory is given by a linear
combination of the Lagrangians £,{f}

Free function of 7 and X

: Gal,:
defined by Ln{ f } = @ X L N_,iLg,-

K- U V1...Vp,
= f(m, X) x (X‘A(sz) n My 'W“”V”)



Sketch of the proof

I:I:I E -ﬂ-l“ 1 Tl“ 2 :'T'“ 3 - .rrl—nu I
. pa T 1T
Consider « cycles » o 1
_ . . - — ! Lo L: Ly lq
containing second derivatives (1) = my, w2 e et e
P1 P2 P > -
RN e

then —

The most general theory we look for is made out of linear combinations of

e e vy | PLP2 o | fa @ g
Lr@]-‘??:"':«@s o f[ﬂ_}!;.) X |: 1 2 PR T ] < 1 2 P 5 >

Recursion relation leads to the previously decribed theory



Our most general flat space-time theories can easily be
« covariantized » using the previously described technology

The covariantized theory is given by a linear combination of the Lagrangians

/J],UZ ‘UnV1V2:*Un
n p{f} 73 R(P)S(QE”—QP)

( q—1
S(qEn—')p] = | I (TR,
)

I
72(1?) = HRl‘Qz—lr”Q-i”Q?—lV‘En
with < Xp—1 11 L L1V V
77(-17,) (1\ (1\)--- u’\ 7"),11” Lat " (m, Xq)
Xo Xo Xo

7?211) — 7?211) (’R‘,X)

\ - f(ﬂ-a X) X X-A(Qn)
Specifically thLe cjovariantized theory is given by
1\” n!
cov I — -
‘C {f} ZO Cn pﬁn p{f} with C”-P _ ( 8) (n L 2p)'p|
p=



Il. 6 Some previous and recent results and other approaches

* Flat space-time Galileons and flat-space time generalized Galileons (in the
shift symmetric case) have been obtained previously by Fairlie, Govaerts and
Morozov (1992) by the « Euler hierarchy » construction :

Start from a set of arbitrary functions F = F ¢ (7T H )

Then define the recursion relation 11/, | = —éF(HU-}-

~

E being the Euler-Lagrange operator (and W,=1)

¢=[% -0 (%) + a0 (3%)]

Hence 1V, is the field equation of the Lagrangian £, = F,WW/,_,
(« Euler hierarchy »)

=) The hierarchy stops after at most D steps

| [— a
=> Choosing F = 7*m, /2, one has L, = §XT'U_1 = ELP



» Horndeski (1972) obtained the most general scalar tensor theory in 4D
which has second order field equation for the scalar and the metric

Using our notations it is given by

4
J1 2 3V V23 . _ I _ _
H ‘ R L0 povy vo T sy —R1 X T 01 T pove T g
L -/4(3) Ry / 3 / / /

12V _ —
— A (Fﬁum‘zm Z ‘lF-X“,ulm “;vzl/z)

(2)

. ’ll'l M2/ 12 — —
—2.’18./4(2) Ty T T g

-3 (QF‘W -+ 1YH-3) X + Ko,

P1H2p3VIVRVS (. - T
_"4(33) (h'HR/-ll/-leWzTrﬂ:& Ty — 4K3 X T 0 Tpgws Mg “U:g)

and is parametrized by four free functions of Xand = : K1, K3, K8, Ko
and one constraint F'y = k. — kg3 — 2X K3 x

IZ> First it is clear that the flat space-time restriction of Horndeski theory
must be included in our generalized flat-space time Galileon

IZ> Conversely, our covariantized generalized Galileons must
be included into Horndeski theory



4
. J1 L2 3 Vv . o o
EH = —./4(3) (hlﬁ;n;tgulygﬂ_p;w,; — ghl._\ 7‘_,(11r/| W;tgu-g“,u;_gt/:g
M1 2 (31213 g Ak T
_/4(3) (h-BR;t”um vo s Mg — ‘1"13.,\' T g1 T povs Mg ﬂ-rx;_g)
H1H2V1V2 / e
_./4(2) (FR;HHQVIM_) - 4F..\'7T,u]1/1 “;lgu_))

) JU1 fh2 V2
_QhSA(g) T T T pows

-3 (QF;T gils Xh'.g) X + Ko, FX = Kliqx — Ry — 2X/€‘3X

ha
In fact, one can show that the two sets of theories (Horndeski and
covariantized generalized Galileons) are identical in 4D (even though
they start from different hypothesis)

3

L= L{fa}

~

X
Xfo(?T,X) = —I{g(?T,X) — E /dX (2/68 — 4,'{3570“,

1
Xfl(ﬂ',X) = X(4I€3,7r + /{’8) — §/dX (21{8 — 4:'{3,7r) —|—6FJr

X fo(m, X) = 4(F—|—X/£3)=X,

1
ng(?ﬂX) = gﬁlsX‘

C.D. Xian Gao, Daniele Steer, George Zahariade T.Kobayashi, M.Yamaguchi, J. Yokoyama
arXiv:1103.3260 [hep-th] (PRD) arXiv 1105.5723 [hep-th]



» Galileons and generalized Galileons have also been obtained more
recently by other constructions

@ Kaluza-Klein compactifications of Lovelock Gravity

Van Acoleyen, Van Doorsselaere 1102.0847 [gr-qc]

@ Brane world constructions

De Rahm, Tolley 1003.5917 [hep-th]
Padilla, Saffin, Zhou 1007.5424 [hep-th]
Hinterbichler, Trodden, Wesley 1008.1305 [hep-th]

» Galileons can be supersymmetrized but stability issues

Khoury, Lehners, Ovrut 1103.0003 [hep-th]
Koehn, Lehners, Ovrut 1302.0840 [hep-th]
Farakos, Germani, Kehagias 1306.2961 [hep-th]



» Pure Galileons interactions obey a non renormalization theorem

Luty, Porrati, Rattazzi hep-th/0303116
Hinterbichler, Trodden, Wesley 1008.1305 [hep-th]

* Recently discussed Galileons duality

De Rham, Fasiello, Tolley 1308.2702 [hep-th]

ot =t + 7t ()
invert

A~

vt = B ()

Some linear combination of ﬁ(njo) (W(:E))

equivalent

Some linear combination of L, 5y (7(Z))



lll. Some phenomenology

lll. 1 Vainshtein mechanism and k-mouflage

@ A (new) way to hide the scalar of a scalar-tensor (S-T) theory

~

: 2 h / .
S = J[f)/(lj‘.r\/i/ (; I 7111 26R +m H(“)) + Sm

—— -
~
Standard piece (S-T) Matter is minimally
in the Jordan frame coupled to the metricg,, ,

Derivative self-interactions
H(®)pagp = m20o ¢, 0"
H()gu = m? ((J \ O ) [ (D(J) > 2 (o )1 (J*‘”")]
H(®)covcar = m> (() \ O ) 2 (D(J) —2(0. ") — = (Do) R



- ¢ R 7y ¢ ¢ . -
S = M3 f d*r\/—g (? - ém.zc)R -+ 1712H(c‘))) + Sm

S

Generates O(1) 4_‘ Standard piece (S-T) / Matter is minimally

correction to GR in the Jordan frame i
by a scalar coupled to the metricg,, ,,

exchange

The derivative self- interactions can screen the
effect of the scalar at distances below the

« Vainshtein Radius » Ry

(Vainshtein mechanism or « k-Mouflage »)



E.g. for a static and spherically symmetric solution

Gupdrtdz” = —e"B g2 + AR GR? + R?210?
10* 4

GR regime

1000 |

100 |

Scalar tensor
_ regime
01 = =

001F

0.05 0.10 0.50 1.60 5.0010.00

R /Ry gy

Vainshtein radius
Babichev, C.D., Ziour 2009



This can be used to screen other interactions than GR

-

E.g. : Asimple (well maybe not so ) model for MOND
Babichev, C.D., Esposito-Farese 1106.2538 (PRD)

MOND can be obtained by considering a scalar with the
non standard kinetic term 9

C

L\MOND = “3a® [s| with s =g""¢ .

And matter coupled « disformally » to the metric

gl“/ o 62@91&1/ T B(@a 3)99,”99,1/

(using some appropriately chosen function B)
~ =9 ‘
O Gy =€ “?g,u, — 2sinh(2¢)U,U,
(using some time like vector field U)
The recovery of GR at « small distances » (rather large accelerations)

requires usually the introduction of a very tuned « interpolating
function » (as well as difficulties with the vector field)



The screening of MOND effects at small distances
can be rather obtained by a suitable k-Mouflage

.

(Z + Lstandard + LMOND

— Y
Smatter [wmatter; g;u/] ’

« standard » MOND
piece (TeVeS)

- € € 5
ﬁstandard = =g = ——(8)\(,0) -
) 2 2
02
LrnvionD = ——SV S|,
3&0
New ingredient :
alBYd uvpo
EGalileon = —= B ghtvp Qp,aﬁp,uﬁp;ﬁvR’y(‘ipa

3



k

aBvo o
‘CGalileon — _55 P gt Sp,a¢,lL90§[3yR75PJ

@ » Covariant version of a « generalized » Galileon

* This simple Lagrangian has second order e.o.m.

" Note that other terms also provide (not quite as) efficient )
screenings , such as the covariant L5 given by

805755“”'0099@99,;%0;61/ [%O;Wp‘:o;ég — %(90’%)2}375?0}/

-



This yields the following profile for ¢’

MOND regime

Vainshtein
screening

(Newtonian) regime

‘\. Large distance Brans-Dicke




lll. 2 Self acceleration, homogeneous cosmology

Consider a Scalar Tensor theory in the Einstein frame, Matter is coupled to the
metric v = A%(¢)gs Where g, , has a standard Einstein-Hilbert action.

Expanding g, around aflat space timeas G, ~ N [1 + 7 (2°)]

De Sitter space-time can be defined locally as an expansion around
Minkowski of the form

ds* = gdatdx” ~ (1 o) datdr”
Quadratic form of the coordinates ...
@ ... and one of the original motivations for the Galileons

That there is such a solution in vacuum (self- acceleration) will be
garanteed if the field equations are of the DGP decoupling limit type

_ 1 [ 2 _ ;;u/} _ T
O — 535 |(O7)" — T — 3Mp
N— 7

Or, any pure second order operator



Hence, a linear combination of the Galileons

L 2,0)
E(:_%._(J)

5(4,0)

E(B,O_)

should yield branches of self-accelerating solutions

Nicolis, Rattazzi, Trincherini

Many works have studied application to late and early cosmology,
where the Galileon drives the cosmological expansion

Chow, Khoury 0905.1325; de Rahm, Heisenberg 1106.3312, de Rahm, Tolley;
1003.5917; Creminelli, Nicolis, Trincherini, 1007.0027; Padilla, Saffin, Zhou
1007.5424; C.D., Pujolas, Sawicki, Vikman, 1008.0048; Hinterbichler, Trodden,
Wesley; 1008.1305; Mizuno, Koyama, 1009.0677; Kobayashi, Yamaguchi,
Yokoyama, 1105.5723; Charmousis, Copeland, Padilla, Saffin, 1106.2000; Perreault
Levasseur, Brandenberger, David, 1105.5649; Renaux-Petel, Mizuno, Koyama,
1108.0305; Gao, Steer, 1107.2642;...



lll. 3 Vainshtein mechanism and cosmology (see also E. Babichev talk)

Babichev, C.D., Esposito-Farese 1107.1569 [gr-qc]

Consider a Scalar Tensor theory with derivative self interaction in
the scalar sector (here in the Einstein frame)

M3 -
S = P d433\/ + Sm [gw, wm]
where g,u,u — AZ(S‘Q)Q,{LU
Standard

kinetic term for
the scalar ¢ \\ Derivative self-interactions

P d
\ /7
\ /

If one considers shift- \ ,
| v

symmetric theories, the ; i
fields equations take V. (Vo + Jyp) = —ale)Mp 7m)

the f
oo where a(p) = dIn(A) /dy

/

« measures the coupling of the scalar to matter,
(a ~ 1 to get deviations from GR of order 1)




Consider the cosmological evolution of ¢

@ Obtained by SoIving Lﬁb‘cosm + SH@COSHD— V() (‘]IQIL) — a(p)f\[ggl’(m)
Y

In most of the cases (for cosmology), this dominates
over the NL piece for cosmology

(i,e. when p, < pm)
|Vcosm| ~ Ho  when the scalar field dominates (say today)
N (.e.when py, > pm )

flﬂbcosm‘ ~ aH  when the scalar field is subdominant
@ Yields <

Appoximatively, one has then today ¥cosm (t) ~ Peosm(to) + Peosm(to) X T+ - -

th {chosm(tO) ~ OfI_IO
W @cosm(tO) 5 HO

@ This provides the boundary
condition (at spatial infinity) for the
solution corresponding to localized
sources



For a localized source, one can consider the following ansatz

Qﬁ(t, T) — 90(74) + 9.9005111(t0)t + <P(:()S]Uﬂl(t())
~~ ~ —~

Passes through the field equations if one
assumes the theory to be shift symmetric

Inserting this in the field equations

V. (VEp+ J) = —oz(go)Mf?ZT(m)

@ This yields an ODE for ¢(r) where the only remnant of
cosmology (possibly) appears in the form of a constant

Whatever the solution for ¢(r)
(which features the Vainshtein recovery mechanism),

the time derivatives of the solution is given by @cosm (to)




But, the time derivative of ¢ also enters into the time
derivative of the Newton constant

@ One finds |G/G‘ X 2000cosm (t)

Q‘O.cosm (tO) = aHO

ith
" Pecosm (tO) ~ HO

However, the most stringent bound on ‘G/G} IS

G/G| < 1.3 x 1072y17! <= |G/G| < 0.02H,

@ Incompatible with a gravitationnally coupled ¢



Ways out ?
* It may be that the ansatz

@(t, T) — 99(70) W ‘fbc:osm(t())t + @czosm(t())

Leads to a solution ¢(r) in the field equations (for a
static source) that is singular or unstable ?

And that the real solution appropriate for cosmology is more complicated
and features some kind of Vainshtein screening of the time evolution of G ...

 Freeze the cosmological evolution of ¢ today (i.e. by giving it a mass)...
but then not interesting for dark energy.

» Do something like DGP: large distance behavious is not captured by a 4D
theory



Conclusions

Galileons, father and sons

@ Lead to a (re)discovery of a whole family of scalar-tensor theories with various
interesting theoretical and phenomenological aspects:

« Uniqueness theorems

* Non renormalization theorems

* Vainshtein mechanism and k-mouflaging
« Self-acceleration and self-tuning

* Application to early cosmology
(e.g. « Galilean genesis » thanks to stable NEC violation)

* Links with massive gravity, classicalization

@ Several aspects still needed to be explored / understood / cured ?

(phenomenology, (G ,UV completion, superluminal propagation, duality ...)



