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Modifying gravity?

Inflation, dark energy and dark matter have been strong
motivations for alternative gravity theories beyond
Einstein’s general relativity.

Modifying GR requires at least (Lovelock’s Theorem):
 extra degrees of freedom, — scalar-tensor theories
 extra dimensions,

* higher derivative terms,
* extension of (pseudo-)Riemannian geometry,
* non-locality.

— How to introduce these extra degrees of freedom?
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Higher derivatives in the Lagrangian — Extra mode(s)?
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Horndeski theory (galileons)

What is the most general single scalar-tensor theory:
« of which the Lagrangian involves second derivatives,

L(¢,Vo,VV9)

* the equations of motion stay at the second order in derivatives
— only one scalar degree of freedom beyond GR

[G. W. Horndeski, Int.J. Theor.Phys. 10, 363 (1974)]
[C. Deffayet, X. Gao, D. Steer, and G. Zahariade, Phys.Rev.D84, 064039 (2011)]

Lo =Gy (X, ¢) : k-essence
L3 = G3 (X, ¢) (o [Dvali, Gabadadze and Porrati, Phys.Lett.B485, 208(2000)]
. 8G4 2
= G4 (X,9) R+ 52 |(@9)° = (VuV,9)°)
L5 =G5 (X,9) GV, V, ¢

18G5 2 3
—= 52 [(09)° - 306 (V,V,6)° +2(V,.V,9)° .
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Full set of Galileon Lagrangians (on Minkowski background)

* Decoupling limit of massive gravity, massive vector theory
[Tasinato's talk]

Additional degree(s) of freedom may arise when symmetries

are reduced.

» Massive gravity: 2t+2v+1s

» Massive vector: 2v+1s  [Tasinato's talk]
» Scalar-tensor theory: 2t+1s?
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Cosmological background breaks the full symmetries of GR, by
choosing a preferred time direction or spatial sclices, on which

qb(taf)quo (t)? 5¢(taf)50

Instead of perturbatively expanding a "covariant" theory, we may start
directly from Lagrangians with broken time diffs (but unbroken spatial
diffs), describing 2 tensor + 1 scalar dofs around an FRW background.

The basic ingredients are just perturbative ADM variables:
SN, 0K

lapse function extrinsic curvature
1
S = /d4$\/—g[§R+A(t)+f1 (t) 6N + fo (t)5N2—|—---

+g1 (8) K + g2 () (6KM)” + g3 () 0K 0K + -+

[Cheung, Creminelli, Fitzpatrick, Kaplan, and Senatore, JHEP 0803, 014 (2008)]
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GR in the ADM formalism:
i | .
S(ER) = 5 / d*zNVh (Kin” - K%+ <3>R)
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Horava gravity:
1 -
B . / e NVh (Kin“ AKZ 4V [hi:,-, GV R;;, DZ-D

[P. Horava, Phys.Rev. D79, 084008 (2009)]

— time-dependent spatial diffeomorphism ~

— space-independent time reparametrization t—=t(t), 't = (t’ xz)
Healthy extensions:
G(Healthy Ext) _ % /d%N\/ﬁ (claiai 4 ¢y (aiai)Q + CgRij(liaj 4., )
a; = 0;In N

[Blas, Pujolas & Sibiryakov, JHEP 0910, 029 (2009)]

— N enters the Hamiltonian "nonlinearly™!



Horndeski in ADM form and beyond

T . .
lb N
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V.V, =-60 —(8tlnN—NVilnN)+—N(5 6 0;In N — 00

pov N2 (k"v)



Horndeski in ADM form and beyond

T . .
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Horndeski in the ADM form:
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Horndeski in ADM form and beyond

T . .
— 5L 5T K

1 : 2 0 c
VuVup =—6,0,)~ (8;In N — N*V;InN) + —60,8;,0; In N — 08,

e NP N 7y
GLPV model (deformed Horndeski):

[Gleyzes, Langlois, Piazza & Vernizzi, arXiv:1404.6495]

EGLPV _ A2 (t, N)

+ Bs(t,N) ] ()R

+ ( A3z (t,N) )hij+ Bs (t,N) <3>Gz-j] B

+ 45 (t,N) (K® - 3KKy;KY + 2K K[ KF)
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Gauge fixing (unitary gauge)
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The general framework

A general class of Lagrangians that respects the spatial diffeomorphism:

[XG 1406.0822]
\/__gﬁ = N\/E (Z gz;‘gl""’Z"JnKiljl v v g - Vl
n=1

\x ~
"kinetic terms" "potential terms”

where V, G(,,)’s are functions of /
(t, N, Op;;, O Ry, Vz')

"Translating" to the covariant language (Stueckelberg trick)
V.o

V- (V)

All terms can be written covariantly in terms of ¢ and its derivatives.

t— o (t, 7)), Thyy — —

— A more general class of scalar-tensor theory beyond the Horndeski theory,
which propagates 2 tensor + 1 scalar dofs, although the equations of motion
are generally higher order.
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Hamiltonian

A general class of Lagrangians that respects the spatial diffeomorphism:

V=gL=Nvh (Z God I Ky o Ky, + V)
n=1

Conjugate momenta: 1 /.
b= - i ikl 35 kel Tl
T 8th - 2 ( (1) + 2g(2) Kkl + 3g(3) pen 2Kk1l1Kk:2l2 )

1 1
By =T - — Dbty T ahulighala .

\/E ij,kl B Wikilikalz

Canonical Hamiltonian: | = 7 h;; — NVhL ~ NC + N,C’
5 . 1
C=2r"K,;; — VhL =Vh (C’(O) 4+ —

’ Vh
=C (t, N, hij, Rij, Vi, m)

C' = —2vhV; (T/Z%) :

h 11J1,%272

1 L
Ci(jl)ﬂ.w = _C_(Q) 7T%1]17T%232 + .. )
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0 ) (Nﬁﬁ)

ON ON*

™ = %07

Extended Hamiltonian: Hex = /d3w (N(f + NC* 4+ XNy + Aim)

N _ . . y ,I:j
G =0 (t,N, hiJ'?Rij’vi’Trw) ’ P _2\/EVJ (35>

N appears nonlinearly in the Hamiltonian, as the space-dependent time
reparametrization invariance is broken.

4 secondary constraints:

d d
&WN — {ﬂ-NaHeX}P — _Ca &ﬂ-i — {7Ti7 HeX}P — _C'L

. N aC
= hy (-1)"Vi, -V,
ZC(t,N,hij,Rij,Vi,ﬂ'ij).



Degrees of freedom

Poisson brackets among all 8 constraints:

{-,-}P TN Ty C Cj
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m [0 0 0 O
5C

C |z 0 0 =&

€;: |0 0 £ 0O
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Degrees of freedom

Poisson brackets among all 8 constraints:

{"'}P TN T C

C. [Shinji's talk]
7

axy |0 0 —2£ 0

SN
s O 0 O 0
C | 0 0 -¢
| 5C\°
Eigenvalues: 6 zero, 2 non-zero: + SN + &;&;

— Among (linearly independent combinations of) 8 constraints:
6 are first class, 2 are second class

— Number of degrees of freedom:

1 ) . )
number of d.o.f. = 3 (2 x number of canonical variables — 2 x number of first class constraints
—number of second class constraints)

(2x10—2x6—2) =3,

N | —



Linear perturbations

GLPV model contains very special combinations:
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Linear perturbations

GLPV model contains very special combinations:
LY = Ay (t, N) + B4 (t,N) R
+ (A3 (t, N)hY + Bs (t,N) °GY) K;;
+A4 (t,N) (K* — K;; KY)
4 A5 (8, N) (K3 — SRR HH 4 2K§K,§Kf)
The equations of motion for linear perturbations stay at second order.

Within our general framework, we checked that at the cubic order in K, the
following combination also has this property:

~ ¢ (¢, N) (SKKZ-J-K i~ 5Kk K] ) IXG 1406.0822]

GLPV model is not unique nor that special.



* We propose a very large class of gravity theories, which
respect to the spatial diffeomorphism.

* This class of gravity theories corresponds to single-field
scalar-tensor theories, which generally possesses higher order
equations of motion.

* How to prove the absence of ghost in a general gauge?
[Shinji's talk]

* Are all single-field scalar-tensor theory can be embedded in
our formalism (e.g. f(R))?

* What is the most general spatially covariant gravity, with 3
d.o.f.s?

» Multi-field generalization?



Thank you for your attention!




