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Question

What Is the most general consistent scalar-tensor theory?

General Relativity Is the only consistent 4d theory describing a massless,
Interacting spin two pbeld (2 tensor dofs).

Is there any analogue result forcovariant scalar-tensor set-ups propagating
massless spin two + spin zero belds (2+1 dofs)?

Plan

1. Motivations for considering this question

2. What do we know about its answer

little, but a geometrical approach can be useful (maybe)



Scalar-Tensor Theories

Why considering them?

I Naturally arise from string theory

I Important applications to cosmology

Inflation
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Scalar-Tensor Theories

Why considering them?

I Naturally arise from string theory

I Important applications to cosmology
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Canonical kinetic term interactions

l  Much more can be done...



Scalar-Tensor Theories

What about derivative scalar self-interactions ?

» interactions involving single derivative of scalars. Call X = 9,707

! I R
— Prototype: DBI action S = d*x ™g 1+ X
! |
— More generally: any function S = d*x " "gP(X) is fine

EOMs are second order

» interactions including second derivatives of scalars

The Galileons

——————————

{ - EOMs contain at most second derivatives

- EOMs invariant under symmetry 7 # w4 b, xt +c

[Nicolis, Rattazzi, Trincherini]



Scalar-Tensor Theories
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Scalar-Tensor Theories

Acceleration of the universe

The Galileons

S

self-acceleration

There exist branches ofcosmological solutions  that are asymptotically de Sitter
with no need of positive cosmological constant.

Atoms
4.6%

Dark
Matter
24%

Dark
Energy
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% Due to massless scalar with
derivative self-interactions
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Regime where second derivatives ! 2"
are important



Scalar-Tensor Theories

The Galileons
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Screening éects  why donOt we see it? Vainshtein mechanism

non-linearities associated with self-interactionshide the effect of scalar nearby
spherically symmetric sources

Evade stringent bounds on
deviations from GR
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Regime where second derivatives ! 2"
are important



Scalar-Tensor Theories

The Galileons
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Non-renormalization theoremsl [Nicolis, Rattazzi; Goon, Hinterbichler, Trodden]

Galileon interactions donOt get renormalized in perturbation theory

Thanks to structure of interactions + Galilean symmetry

Safe radial interval
where! 2" is large and theory
technically natural
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Scalar-Tensor Theories
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Good for Dark Energy! Non-renormalization theorems



Scalar-Tensor Theories

Horndenski (1974)

Question
WhatOs thamost general scalar-tensor action leading to 2nd order equations of motion?



Scalar-Tensor Theories

Horndenski (1974)

| — | ——

Question
WhatOs thamost general scalar-tensor action leading to 2nd order equations of motion?

LT Go(1, X)), LE 1 Gs(!,X)!!
LA T Ga(l , X)WR™ 2G4 x (1, X)(1 12" 1H 1 ),
H
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LE T Gs(1,X) WG, 1 + %GS,X(! D O(REARINIETE R AN R

where the G; are arbitrary functions of I , X

¥ contains up to three powers of"?! . Flat space" Galileons

¥ lot of activity for applications to cosmology, gravity/BHs etc etc



Black Hole
M=15M,,
Rs=4.5 km

Neutron Star
M=15M
R~10 km

sun




Scalar-Tensor Theories

Horndenski (1974)

Question
WhatOs thamost general scalar-tensor action leading to(2nd order equations of motion?

#

Is this really necessary?




Scalar-Tensor Theories

Horndenski (1974)

Question
WhatOs thamost general scalar-tensor action leading to(2nd order equations of motion?

Ostrogradsky theorem

[see e.g. Woodard]

Any non-degenerate theory with EOMs of order higher than two
has Hamiltonian unbounded from below

Ostrogradsky ghost



Scalar-Tensor Theories

Horndenski (1974)

Question
WhatOs thamost general scalar-tensor action leading to 2nd order equations of motion?

Ostrogradsky theorem

[see e.g. Woodard]

Any theory with EOMs of order higher than two

as Hamiltonian unbounded from below



Scalar-Tensor Theories

Ostrogr eorem

LetOs consider degenerate scalar-tensor theories

Relations debning conjugate momenta canOt be fully inverted:
velocities canOt be expressed in terms of belds and their conjugate mome

Constraint conditions exist!

In this way new consistent covariant scalar-tensor theories can be found, that propagatt

only up to three degrees of freedom

no Ostrogradsky ghost mode




Scalar-Tensor Theories

Ostrogr eorem

LetOs consider degenerate scalar-tensor theories

Relations debning conjugate momenta canOt be fully inverted:
velocities canOt be expressed in terms of belds and their conjugate mome

Beyond Horndenski [Gleyzes et al]

LOH 1 Ry(r, X)L T )

LOH 1 Fg(1, X )M T e



Scalar-Tensor Theories

Ostrogr eorem

LetOs consider degenerate scalar-tensor theories

Relations debning conjugate momenta canOt be fully inverted:
velocities canOt be expressed in terms of belds and their conjugate mome

Extended Scalar Tensor  [Langlois, Noui; Crisostomi, Koyama, GT; Ben Achour et al]

¥ Use Hamiltonian approach to systematically Pndall consistent theories , classifying
them in terms of number of second derivatives of scalar

¥ New theories found, with interesting consequences for dark energy (growth of struc-
ture) + screening mechanisms (neutron stars etc)



Most general scalar-tensor theory?

Criterion: count powers of
second derivatives of !

We donOt know the most general
form of consistent, covariant sca
propagating up to 3 dofs

-tensor theorie:




Question

Do some of these theories admit a geometrical interpretation, which might reveal son
symmetries (recall Galilean symmetry)

7] &
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Recall lessons from Galileons: letOs think to DE applications




(zalileons from branes
[de Rham, Tolley]

¥ Probe brane in Minkowski space:brane position !

DBlactionn S =!% d* Tg=!% d* 1+("#)2

\\:|«/’,, I =0

Mgy

¥ Action Is invariant under a symmetry
L (X) = vpxP 4+ " () VRE (X)

iInherited from 5d Poincare symmetry



Galileons from branes

¥ Generalization
Consider higher dimensional Lovelock invariants + associated Gibbons-Hawking term

11 L IVI2 11 L
Sk = ! Mg d*%* TgK ; Sk = 24 d*x T gR
M2 R
Seg = ! m—g d*x TgKgs Kos =" 2K3 + KK 2 " 2K3" 26, K¥

P EOMs for ! remain second order

b Symmetry is still preserved 1" (x) = vyx* + " (X)v'#," (X)



Galileons from branes

¥ Generalization
Consider higher dimensional Lovelock invariants + associated Gibbons-Hawking term
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Galileons from branes

¥ Generalization
Consider higher dimensional Lovelock invariants + associated Gibbons-Hawking term

Take non-relativistic limit #1'1 1 (but still #°1  large)

" !
S, = SNR =" d(I")?

3
S = Sf =2 k()

|
I\/I2 | 11 ) 11 11 11 #
Sa= Spt= 4 dx()T ()P (")
|
NR Még | 4 n 2" 11 3 n 3" 11 1 2#

¥ Symmetry becomes Galilean symmetnr

)= ot TV () 3 B = vy xM



What about degenerate scalar-tensor theories?

Can we Pnd an analogous geometric construction for EST ?

I Build probe brane actions made of powers of extrinsic curvature

Sk "gK\f

Sk 2 S TgK, K

' These actions have symmetries associated with bulk isometries

L (X)) = v xE + " () VRE (X).

...but when coupled with gravity, their EOMs have higher order derivatives



What about degenerate scalar-tensor theories?
Can we bnd an analogous geometric construction for EST ?

|  Take OultrarelativisticO limit!" # 1

Ly = 12 [X] 4
1
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symmetry left YoH= #wWH$,#
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First time that such symmetry is noticed for these theories



What about degenerate scalar-tensor theories?
Can we bnd an analogous geometric construction for EST ?

|  Take OultrarelativisticO limit!" # 1
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|  when coupled with gravity, one gets degenerate scalar tensor theories

l  Good news for model building : we can model models of dark energy/inf3ation
using EST with underlying symmetry preserving structure of action



What about degenerate scalar-tensor theories?

Can we Pnd an analogous geometric construction for EST ?
yes

Take Oultra-relativisticO limit of of actions built with combinations of

Does the same work with  induced action made with
other combinations of curvature 3uctuations? R R¥ etc?

? work In progress.... ?



Conclusions

I The structure of scalar-tensor theories is richer than expected: degenerate systems

I We still donOt know themost general theory for massless spin 2 + spin 0 belds

I Cosmologists are very interested to this question, for building new models of
dark energy and inf3ation

| presented

b most recent bndings about what we know of these theories

b A geometrical approach which makes apparent previously unnoticed
underlying symmetry

TO DO NEXT

I Continue the exploration of geometrical approach by studying ultrarelativistic
limit of brane induced actions made with curvature invariants



