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e 100 years old and still in
great agreement at
very different scales

e Direct detection of GWs
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.. but it is not enough.
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. but it is not enough.

e Singularities and Quantization

e Dark Sector of the Universe
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1 Why scalar-tensor theories?

e Simplest modification of GR: add only 1 degree of freedom
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1 Why scalar-tensor theories?

e Simplest modification of GR: add only 1 degree of freedom

...In fact theories with only massless spin-2 particles are fixed to follow
linearized GR in the IR (Diff)

*Also Unimodular Gravity (TDiff)
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e At the end, any fancy modification of GR i1s just adding extra DoF

(typically scalar fields)

5th Dimension

Example: Kaluza-Klein tower of states

XO 8

e X
! —>
Compactification
Time Time
>
3-Space 3-Space
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e At the end, any fancy modification of GR i1s just adding extra DoF
(typically scalar fields)

X0 g
5th Dimension T ¥
! c tificati
. ompactrication
Example: Kaluza-Klein tower of states it Time
g § 7o
3-Space 3-Space
e Moreover, scalar field can be seen as an EF'T
Example: Pion in Particle Physics .
R

CStarobinsky ~ R+

e

@ Q
d :
T M2 My

Vig)

Example: Scalaron in Gravity
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e Today, we will focus on adding a scalar field, but...

Vector-Tensor Theories [Will and Nordtvedt 1972]
Multi-scalar-tensor |[Damour and Esposito-Farese 1992
Scalar-Vector-Tensor Theories |Bekenstein 2004
Massive Gravity |[de Rham, Gabadadze and Tolley 2011
Bi-gravity |[Hassan and Rosen 2011]
Multi-gravity [Hinterbichler and Rosen 2012]

e Alternatively, one could break first principles (locality, Lorentz inv.)

Horava-Lifshitz Gravity |Horava 2009]
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Scalars can describe periods of accelerated expansion
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e Scalars can describe periods of accelerated expansion
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e Useful for testing our current models (GR and A CDM)

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



2 Ostrogradski’s Theorem

e Generalization of Hamilton’s analysis for arbitrary # of time derivatives

LZL(Q?Q?Q?)
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e Non-degenerate theories with two time derivatives or higher are
unstable. There are terms linear to the momentum in the Hamiltonian
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LZL(Q?Q?Q?)
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2nd order EoM
rules!

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



2 Ostrogradski’s Theorem

e Generalization of Hamilton’s analysis for arbitrary # of time derivatives

LZL(Q?Q?Q?)

e Non-degenerate theories with two time derivatives or higher are
unstable. There are terms linear to the momentum in the Hamiltonian

o Alternatively, if there are higher than two time derivatives in the
EloM, the system 1s unstable

So...
what about us?

I knew I was right...
2nd order EoM
rules!
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How can we have degenerate theories?
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints

BE.g. GR or Gauge theories
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints

E.g. Non-trivial kinetic mixing between scalar and tensor |Langlois and Noui'l5]
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints
E.g. Non-trivial kinetic mixing between scalar and tensor |Langlois and Noui'l5]

III. Total Derivatives and Antisymmetry:

1st derivatives: V¢V 9 — OK

ond derivatives:  f($)g,, V*V"¢
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints
El.g. Non-trivial kinetic mixing between scalar and tensor
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints
El.g. Non-trivial kinetic mixing between scalar and tensor

III. Total Derivatives and Antisymmetry:

1st derivatives: V¢V 9 — OK
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints
El.g. Non-trivial kinetic mixing between scalar and tensor

III. Total Derivatives and Antisymmetry:

1st derivatives: V¢V 9 — OK

211d derivatives: f(gb)g,uz/v'uvy¢ o Vﬂ(f(¢)gw/vvgb) — _v'u(f(qb)g,uu)qub

1
3rd derivatives: |V, V., |V¥¢ = §Ra5w/v5¢
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How can we have degenerate theories?

[. Gauge Redundancy: off-shell constraints
BE.g. GR or Gauge theories

[I. Constrained systems: on-shell constraints
El.g. Non-trivial kinetic mixing between scalar and tensor

III. Total Derivatives and Antisymmetry:

1st derivatives: V¢V 9 — OK

211d derivatives: f(gb)g,uz/v'uvy¢ o Vﬂ(f(¢)gw/vvgb) — _v'u(f(qb)g,uu)qub
1
3rd derivatives: |V, V., |V¥¢ = §Ra5w/v5¢
R = g, =0

Bluv;p]
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2 Horndeski’s theory

[Horndeski 1974]

Horndeski’s work:

“The Valley Erupts in Flames”

Gregory Horndeski
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2 Horndeski’s theory

e Horndeski’s work: (local+Diff. inv. theories) [Horndeski 1974]

1st: find most general scalar-tensor 2nd order EoM in 4D

2nd: find a Lagrangian that reproduces them

L= \/(g)%x%ﬁcétcdeejk — 3@ #1855, " 014 01
+ ) A 3855010 " Rg’® ~ 4\ (&) A 38552 0100" B3 1
+ VR F+ 2988 Rea™™ + 20) 2 A5 — 27 + 4p A 3)55 01 610"
3NV @QF +4AW +p A9+ 2 /M8) H 385016 da"
+ @A H g — pQF" + AW " + p A5 + 24 5)} (4.21)

“The Valley Erupts in Flames”
Gregory Horndeski
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2 Horndeski’s theory

e Horndeski’s work: (local+Diff. inv. theories) [Horndeski 1974]

1st: find most general scalar-tensor 2nd order EoM in 4D

2nd: find a Lagrangian that reproduces them

L= \/(g)%x%ﬁcétcdeejk — 3@ #1855, " 014 01
+ ) A 3855010 " Rg’® ~ 4\ (&) A 38552 0100" B3 1
+ VR F+ 2988 Rea™™ + 20) 2 A5 — 27 + 4p A 3)55 01 610"
3NV @QF +4AW +p A9+ 2 /M8) H 385016 da"
+ @A H g — pQF" + AW " + p A5 + 24 5)} (4.21)

“The Valley Erupts in Flames”
Gregory Horndeski

1
— There are 4 free functions of ¢ and X = —§VM¢V“ 1)

— There are non-minimal couplings (with derivatives)

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



5
o Full Horndeski’s theory (modern notation): ,H — Z cH
1=2

L = Gy(9, X)
LY = Ga(6, X)R + G x (0] — [02))
LY = Gs(6, X)G"™ Y, V.6 — <G x (9] — 3[8][2%] +2(87)

((I)n,ul/ — ¢,LL041 ¢;a1;a2 S ¢;an_1;1/7 [q)n] — (I)n/u/g'uy)

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



5
o Full Horndeski’s theory (modern notation): ,H — Z cH
1=2

L = Gy(9, X)
LH = Ga(6, X)R + G x ([0 — [02))
LY = Gs(6, X)G"™ Y, V.6 — <G x (9] — 3[8][2%] +2(87)

e Incorporates most inflationary and dark energy models!

e Simplest subcases:

((I)n,ul/ = ¢,L0041 ¢;a1;a2 C ¢;an_1;1/7 [(I)n] = (I)nw/gﬂy)
—A 1
8tG’ G = 167G’ Gy =G5 =0
1 ¢
X = Gy=Gs=
0 () Vi(p), Gy Tl Gs3 =G5 =0

JM. Ezquiaga
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e There are codes to test the cosmology of your favorite model

Q \/j(/ EH a};, \I; ) p . P ) Q vV —9 EH ap \Ij P 0 R.;.w C’Z[‘ @:/11/ hx
G;; [} Q)N ) P K F;:V G5 Gﬂ ® QN ) P (077 H @ N4 h+ 0{7‘
d R./.ll/ C%' P hx (Z% X h X 0 R.,L.tl/ (Z% d):HI/ hx H P:par (1(]:1 H Qg C%‘
H o U hy ap S ek 2 H 10) v hy ap Q ¢ I ©H €
2 R/“’ Dd) T ¢ X Gl ﬁH G4 '
(D:;w anp H Cr \/_—(} . m‘ ¢ pv (0571 H (077 Cr P - k-2 X aK "
@ Fj:u I 3 & [0} e 11 (D & re v . Doy
(1!\ IT pv 7 v V; G- D(D (0] R
X G Ln 4 G g X Gy Ly § 5 2 32
P 4 H @ 2 Yy 0 G-
w k2 X 5 D Gy \/j w 2 X H o . 9 » H &
Vx Gs e N R . 9 : : G4 A‘ QK O¢ (o Vx
5 am II Vx G D(D Gs ) G- G Gs 0 4
Gy ¢ Lnm G- Gs : . - "3 4 *
K D@ @ ) q) ‘/X \II G2 CS ﬁH (? R (Jh O (b 02 X
G Gy & 0 Gy (677¢ D(p Ci G- P'v,m/ ap Gs . A/[f
< . ] | o } »
¢ 0 XA) an Gs Wiy G cL‘Z
ap Gs M? 5 : 2
hy o
- X
- M?
o
|
. - . R[LI/
% ¢:;U/ kz h+
Gs aB Oe Ry X \/jq
Ly ap ¢ Gs ay V=9 @B 0 @ am )
H QN VX ﬁH \/__g ) X II Gg ﬁH G G4 M ap
@ § P ax G ® R & Gi Lmg ax M Lpg ap Gy U
Rm/ C%“ @:;u/ h>< H Q Rl“’ ¢:,u1/ X apm 0 Q G’_) (bZ/LI/ aH R/w d Fz
¢ ¥ h o Q & Ly ¥ @ Up P 0 I ¥ G he ¢
(11\/] H a.[{ C% P 9 F;:l/ OéK ]___[ C%“ \Ij R’[u/ Cé D¢ k.Z g (P
lw W o & T, ® X P Ly @ X G3 Vg ® G, R X ¢
Gy Ly o0 Gy X h, 6 0O¢ HW R E a Ly bu 0 v /g L
¥ X H dw ok oy G Ly X Q@ he M2 he Q G Ly & G

[Bellini, Lesgourgues, Sawicki and Zumalacarregui]
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Brief summary:
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Brief summary:
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Brief summary:

i) Antisymmetry is a key ingredient to
avoid Ostrogradskis instabilities

ii) Healthy second order scalar-tensor
theories (Horndeski) are constructed
using this property

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



Brief summary:

i) Antisymmetry is a key ingredient to
avoid Ostrogradskis instabilities

ii) Healthy second order scalar-tensor
theories (Horndeski) are constructed
using this property

[Reminder] The mathematical objects that describes
antisymmeitric quantities are the
differential forms
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3 Differential Forms and Gravity

IxM

e General Covariance (Diff Inv.) can be reinterpreted
as the invariance under Local Lorentz
Transformations (LLT) in the Tangent Space

e Needed to couple fermions to gravity!

e In a pseudo-Riemannian manifold (usual spacetime without torsion

and metric compatible): Geometry (and Physics) is encoded in the

vielbein #° and the 1-form connection w9 =| RY
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3 Differential Forms and Gravity

IxM

General Covariance (Diff Inv.) can be reinterpreted
as the invariance under Local Lorentz
Transformations (LLT) in the Tangent Space

Needed to couple fermions to gravity!

In a pseudo-Riemannian manifold (usual spacetime without torsion

and metric compatible): Geometry (and Physics) is encoded in the

vielbein #° and the 1-form connection w9 =| RY

Example: Lovelock’s Theory

[
ﬁ(l) — /\ Ri% A 9* where 2[ < D and

al bl ---albl
1=0

1
9*

— Ck+1 A ... @D
ai---ag - (D . k)!eal"'akak+1"’GD9 /\ /\ 9
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Daifferential Forms Dictionary

g = g,uudﬂj'u ® dx” = nabH“ = (9b

Metric Formalism Vielbein Formalism
9w 0% = e, dx"
FAW WY
R/\Wp Ra
v,ugozﬁ — Wab = —Wha
r, =I%, T =DO" =0

e Invariant objects: 7Mgb and €qqia5---ap

» Basic operations: wedge product, exterior differential, integration...

o Basic identities: Cartan’s structure equations and Bianchi’s identities
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3 The differential forms formalism

e Define 1-forms with derivatives of the scalar field (at lowest order)

P = VepVyo 0° P? = ViVy¢ 0°
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3 The differential forms formalism

e Define 1-forms with derivatives of the scalar field (at lowest order)

P = VepVyo 0° P? = ViVy¢ 0°

...construct a basis of Lagrangians invariant under LLT in a pseudo-
Riemannian manifold

[ m n
i bi : d
L(lm”) - /\ RN /\ A /\ A H*C’Jlbl'”alblcl'“cmdl'”dn
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3 The differential forms formalism

e Define 1-forms with derivatives of the scalar field (at lowest order)

P = VepVyo 0° P? = ViVy¢ 0°

...construct a basis of Lagrangians invariant under LLT in a pseudo-
Riemannian manifold

[ m n
i bi : d
L(lm”) - /\ RN /\ A /\ A H*UJlbl'”alblcl'“cmdl'”dn

—» (Clear structure in terms of the number of fields: p=2l+m+n < D
—» [inite basis due to antisymmetry

— (Contains well-known theories, e.g. Horndeski and Beyond Horndeski
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p<D

e Action of a general scalar-tensor theory: |S= ) / mn L (1mn)

I, m,n
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p<D

e Action of a general scalar-tensor theory: |S= ) / mn L (1mn)
M

I, m,n

e Eixamples: some 4D Lagrangians
(n=V=gd*z, " = bpua, ", - P, [T = O )
Loy = VN0, =V, ,0VFon = —2Xn
Loy = 4 N0, = [®]n
£(110) = R™ AP A 0" ope = (—2R™ + RQW)(I)WU — —2(GW(I)W)77
Lo30) = ®* A O’ N DN O, = ([@]° — 3[@][@%] + 2[@%])n
£(200) =R AR A H*a,bcd, — (RWmem o 4RaﬁRa5 + R2)77
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p<D

e Action of a general scalar-tensor theory: |S= ) / mn L (1mn)
M

I, m,n

e Eixamples: some 4D Lagrangians
(n=V=gd*z, " = bpua, ", - P, [T = O )
Loy = VN0, =V, ,0VFon = —2Xn
Loy = 4 N0, = [®]n
£(110) = R™ AP A 0" ope = (—2R™ + RQW)(I)WU — —Q(GW(I)W)U
Lo30) = ®* A O’ N DN O, = ([@]° — 3[@][@%] + 2[@%])n
£(200) =R AR A H*a,bcd, — (RWVVRWM o 4RaﬁRa5 + R2)77

e The basis is closed under exterior derivatives if contractions with the
gradient field are included

e Notation: over bar indicates contractions with V%
e.g.  Lpio)y = Vadp@* NIV ¢

o Additional Lagrangians: L, and Lgm,)
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3 Results [PRDY4.024005 (2016)]
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3 Results

e We compute the EoM both for the scalar field ¢ and the vielbein 6* for
arbitrary dimensions

e We obtain all the exact forms (total derivatives) and antisymmetric algebraic
identities relating different theories
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3 Results

e We compute the EoM both for the scalar field ¢ and the vielbein 6* for
arbitrary dimensions

— The calculations greatly simplifies
—— We find the possible Lagrangians with 2nd order EoM

e We obtain all the exact forms (total derivatives) and antisymmetric algebraic
identities relating different theories

— We determine the number of independent Lagrangians

Results: — There are 10 independent elements in the basis of Lagrangians
(4D) —Only 4 independent linear combinations give rise to 2nd order EoM
-This set can be associated with Horndeski’s theory
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e How scalar-tensor theories are related?

p=0: 5(000)
A
(81)
¥
(T3 ™
L 010) ';(82):
\;l\lf
AR Y (74) />M~
(83) 2 L£(100) ¢oovvevenenns L(020) < (84),
Ik// r:}‘_l__1
m (7)) TN T (76) -
" Latoy ¢ (85) L LA10) ¢ovoveveeneny L(030) 2 (86)

N e A |
p=4: 55(200)5 5(111) N 5(120) Lﬁ(ogl):<----------------->§£(040)§
— . E (77> A "}F"

(87) s L£(300) ¢oveevenneeny L(120) <.__(_8_82__, L120) ¢ovvevenneennny L030) < (89);
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e How scalar-tensor theories are related?

p=0: 5(000) 55 :G2: :G2£(OOO)
AN _ -
(81) L3 G3] =G3L(010)
2\
. (13) o 1
* Lioio) < (82), L5 |Gs] =G5L110) + §G5,X£(030)
\;l\lf
AR T (74) -, o
(83) 2 L£(100) ¢oovvevenenns L(020) < (84),
Ik// r:"_l_ -
r (75) /z fo w (76) ,"'WT
" Latoy ¢ (85) L LA10) ¢ovoveveeneny L(030) 2 (86)
____________ P b
p=4: 55(200)5 L111) <oeeeeeeeeees L120) Lﬁ(ogl):<----------------->§£(040)§
""" AR = (77) PEALN ’,_n___ (78) /’M\
(87) S L500) %oy L(130) <.__(_8_82__, L120) 5oy Li0d0) & (89);
D—-1 .
NSRS D’C(lmn) [Gz] = Gi,¢£(lm(n+1))_Gi,Xﬁ(l(m—H)n)+Gi (ﬁ(l(m+1)n) - m‘c((l—l——l)(m—l)n) - nﬁ(l(m+1)n))
¢====-==- > Lam) = —2lLGmo) — MLamo) — 2X L1mo)
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Summary and Outlook:

i) Differential Forms Formalism can be used
to construct general ST theories, simplifying
the calculations and clarifying the structure

ii) It also allows further generalizations and
naturally incorporates the description of field
redefinitions

[Question] How can we test these general models?
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4 Testing Modified Gravity

e Gravity can be tested at very different scales

Planck Scale Laboratory Solar System Cosmos
@ @ ' @ m
1079 10~ 101 107
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e Classical tests: Eotvos experiment, deflection of light, Shapiro time delay...
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4 Testing Modified Gravity

e Gravity can be tested at very different scales

e Classical tests: Eotvos experiment, deflection of light, Shapiro time delay...

e Modified Gravity: Screening Mechanism

Planck Scale Laboratory Solar System Cosmos
@ @ @ @ m
107% 1074 101 107
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e Gravity can be tested at very different regimes |[Review by D. Psaltis 2008]

Moon Sun White Dwarf Neutron Star BH horizon
® ® ® ' ®
10710 1077 107° 0.1 1
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e Gravity can be tested at very different regimes

. . : . GM
e Strong Gravity Regime: Compact Objects, AGNs, Binary Systems... |e = S
rc
Moon Sun White Dwarf Neutron Star BH horizon
— — - —
10710 1077 107° 0.1 1
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e Gravity can be tested at very different regimes

: . : : GM
e Strong Gravity Regime: Compact Objects, AGNs, Binary Systems... |e = S
rc
e Specific signatures in alternatives to GR, e.g. scalar radiation
Moon Sun White Dwarf Neutron Star BH horizon
& & - e
10710 1077 107° 0.1 1
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e Cosmological tests: CMB (T, B-modes), LSS (Lensing, Clustering), 21-cm...
[Review by K. Koyama 2015]

Planck Scale Laboratory Solar System Cosmos
@ @ @ @ m
107% 1074 10t 1020
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Clustering), 21-cm...

ing,

CMB (T, B-modes), LSS (Lensi

e Cosmological tests

BICEP2 B-mode signal
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Characteristic Strain

e New window to the Universe with Gravitational Wave Astronomy
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Characteristic Strain

e New window to the Universe with Gravitational Wave Astronomy

1012
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Characteristic Strain

e New window to the Universe with Gravitational Wave Astronomy

10 -12
Stochastic
background PTA
107
107
Massive binaries
binaries
. Resolvable galactic
107 binaries LIGO
Type IA
102 ratio inspirals supernovae
Unresolvable
galactic binaries

102
Compact binary
inspirals
Core collapse

24 supernovae
10 Pulsars
10
107 10° 10° 10 102 10° 102 10° 10°
Frequency / Hz |GW Group at Cambridge|
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5 The fate of Scalar-Tensor gravity

e Fundamental analysis: Test speed of gravity
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e Some general Scalar-Tensor gravity predicts anomalous propagation speed

e At small scales for arbitrary backgrounds

L o by G*P 0,050
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5 The fate of Scalar-Tensor gravity

e Fundamental analysis: Test speed of gravity

e Some general Scalar-Tensor gravity predicts anomalous propagation speed

e At small scales for arbitrary backgrounds

L o< bGP 0,050 = hy,, (CO+W*0,05) W

1) Disformal effective gravitational metric G, # Q(x)
-Captured by a Weyl tensor in the EoM
i1) Vacuum expectation value for the scalar ¢(x)

Juv

-Derivative coupling to the Weyl W D 0¢,VVep---
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5 The fate of Scalar-Tensor gravity

e Fundamental analysis: Test speed of gravity

e Some general Scalar-Tensor gravity predicts anomalous propagation speed

e At small scales for arbitrary backgrounds

L o< bGP 0,050 = hy,, (CO+W*0,05) W

1) Disformal effective gravitational metric G, # Q(x)
-Captured by a Weyl tensor in the EoM
i1) Vacuum expectation value for the scalar ¢(x)

Juv

-Derivative coupling to the Weyl W D 0¢,VVep---

e F.g. Shift symmetric, quartic Horndeski theory
L =GX)R+G'(X)([2]) - [@%])
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5 The fate of Scalar-Tensor gravity

e Fundamental analysis: Test speed of gravity

e Some general Scalar-Tensor gravity predicts anomalous propagation speed

e At small scales for arbitrary backgrounds

L o< bGP 0,050 = hy,, (CO+W*0,05) W

1) Disformal effective gravitational metric G, # Q(x)
-Captured by a Weyl tensor in the EoM
i1) Vacuum expectation value for the scalar ¢(x)

Juv

-Derivative coupling to the Weyl W D 0¢,VVep---

e F.g. Shift symmetric, quartic Horndeski theory
L=GX)R+ G (X)([2]” - [27]) -
2 __
g,uy — G(X)Q;w T G/(X)3M¢5’V¢ T G — G/$2

C
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« Two scenarios: larXiv 1608.01982]
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e T'wo scenarios: larXiv 1608.01982]

A) ¢4 ~c: GW-EM (or neutrino) counterpart

Co 1 5y 017 (200Mpe) (AT
C D 1s

}

At = Atamrive — (1 + Z)Atemit
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e T'Wo scenarios:

larXiv 1608.01982]

A) ¢4 ~c: GW-EM (or neutrino) counterpart

Cqg
C

@ y 10_17)<20011;/Ipc> (%ﬁ)

}

At = Ata,rrive — (1 + Z)Atemit

» Kill any theory with anomalous speed!

e ¢g = C: GR, BD, cubic Horndeski, Kinetic Conf.
e ¢, # ¢ : quartic and quintic Horndeski, BH
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e T'Wo scenarios:

A) ¢4 ~c: GW-EM (or neutrino) counterpart

Cq —1=( 200Mpc\ [ At
— —1=5x10 —
c - ( D ) <1s

}

At = Ata,rm've — (1 + Z)Atemit

» K1ll any theory with anomalous speed!

e ¢g = C: GR, BD, cubic Horndeski, Kinetic Conf.
e ¢, # ¢ : quartic and quintic Horndeski, BH

B) ¢4 # c: No possible counterpart at cosmological scales

—> Dafference in the time of arrival becomes cosmological!
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o Test speed of gravity with periodic sources larXiv 1608.01982]
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e Test speed of gravity with periodic sources

e Phase Lag Test: measure difference in phase of GWs and EM radiation
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e Test speed of gravity with periodic sources

e Phase Lag Test: measure difference in phase of GWs and EM radiation

e There are sources already identified: eLISA verification binaries

E.c. WDS J0651+2844
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6 Conclusions
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6 Conclusions

e There is a great variety of Modified Gravity theories (imply extra DoF)

e We have presented a new formulation for scalar-tensor theories in the
language of differential forms.

e This novel approach simplifies the computations and allows for a
systematic classification of general scalar-tensor theories and the
relations among them.

e There are interesting potential applications of this new formalism both
at the practical and conceptual level:

e F.g. fermions in ST theories of gravity, explore general field
redefinitions or systematically study ST theories with higher

derivative EolM.
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e GWs astronomy opens a new window to the Universe. A fundamental test is
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e General ST theories can have anomalous propagation speed. We have shown
that 1t 1s sourced by a non-conformal effective metric with spontaneous
breaking of LI by the scalar.
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6 Conclusions

e Modified Gravity theories can be tested at very different scales and regimes.

e GWs astronomy opens a new window to the Universe. A fundamental test is

to measure the speed of gravity.

e General ST theories can have anomalous propagation speed. We have shown
that 1t 1s sourced by a non-conformal effective metric with spontaneous
breaking of LI by the scalar.

e There are two possible scenarios:
e If ¢ g =cCt2a GW-EM measurement will kill many ST theories

e If ¢, £ ¢ need periodic sources (phase lag test)

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



Thank you

Find more details at

Phys. Rev. D94, 024005 (2016) by JME, J. GARCIA-BELLIDO, M. ZUMALACARREGUI
arXiv 1608.01982 by D. BETTONI, JME, K. HINTERBICHLER and M. ZUMALACARREGUI
or by e-mail

jose.ezquilaga@uam.es
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2 Ostrogradski’s Theorem

|Ostrogradski 1850]

e Hamilton’s construction:

oL dOL 2 initial
L =L ) :>____:O:>:F 7. +«—
(.9) dq  dt 9q T ! (2.9) value data
2
Non-degeneracy: 8—L 40
0>

e Canonical variables (2D phase space)

OL
@ =q P=—
q CLASSICAL
MECHANICS
e Phase space can be inverted (non-degeneracy) P

H(Q,P)=Pqg— L
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e Ostrogradski’s construction:

OL dOL d* 0L

(4,4, 9) dq  di Oq T a2 D4 q (9,4,G, 9) +—
T 4 1nitial
0°L
Non-degeneracy: il + (0 | value data
e Canonical variables (4D phase space)

oL oL d oL
= = ¢ Py=— Ph=——-———
1= Q2= 27 9 'T9¢  dt 9§

e Phase space can be inverted (non-degeneracy)

2
H(Q17Q27P17P2) = szq(z) — L = PIQZ + PQA(Q17Q27P2) o L(Q17Q27A)

1=1

R/_/
Linear in momentum: INSTABILITY!

e There can be arbitrarily high positive and negative energy states!
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e Healthy theories with higher derivatives EoM (Beyond Horndeskz)

Disformal transformations: g,, = C(¢, X)gu, + D(¢, X))V, 0V, ¢

Hidden Constraints

ADM and Unitary Gauge: Generalized Generalized Galileons

Two new Lagrangians

Not healthy with full Horndeski

Degenerate Theories: Extended Scalar-Tensor Theories

Hamailtonian Analysis

Full Classification

e Key Point: Ostrogradski’s Th. only limits time derivatives

(Horndeski’s theory was derived covariantly)

—> There can be higher order spatial derivatives
(inducing Lorentz breaking)
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e More on differential geometry:

Daifferential Forms Dictionary (extended)

g = gw/dx'u ® dx” = nabﬁa X (9b

Metric Formalism

a _b
g,LLI/ — nabe Me v

1 (0%
F)\uu — D) A (ngou/ T &/gua — 8ag,uz/)

A A A A A
R prvp T 9, pp (9pF wo T IWMPF Yoo IW/WF P

Viugas =0

A P
F/“/_FVM

Vielbein Formalism

a __ _a "
0 —eﬂd;c

1
w = 5 (i (d0%) — iea (dO®) + ica (icv (dO.))0°)

Rab — Dwab — dwab —|_ wac /\ ch
Wab — —Whq
T =DO% =0
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e How to compute the EoM?

(1) Take perturbations:
50 = DV 6, IR =0, 6Gi(¢, X) = G;.60¢ — G; xV.pVZd¢
(ii) Use (simple) relations between building blocks:
DU = % A Dp, DP* = R V¢, DR =0
(iii) Identify higher order terms:
Ve = V*®* 4+ iy, R
V*RY® A 0%, = =2V RY A 0%,

(iv) Choose appropriate coefficients:

0(GiL(imn)) — higher order ~ VR _[FG)

O(F;L(1'mrnry) — higher order ~ VAR
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G4(®, X)L100)

e FExample: EoM for quartic Horndeski {
Fy(¢, X)L 020

5(GaL(100)) =0G4 AR™® A 6%,
=6 A (Gag NR® 4+ V* (GaxV20) ANRY + Gu x V.0 AV*RY®) A 0%,

§(F1Lo20y) =0Fs A ®* A ®° A 0%, + 2F4 A 5D A D° A 0%,
=0 A (Fyp A DY+ VZ (Fyx V) A B 4 2Fy x V. NVZO) A B° A 6*,
+28¢ A (V* (Fy D) — V* (Fyx Vo) A D7) A O A G*,,
+26¢ A (—Fy x V. AVD* N A, + D (Fy) AV A O%,)
+20p A (V* (F1V.9) AR A 0%, + FuV .6 AA 0%ap)

L =G4ARPNO*, +CGyx NO*NB°NO*,
= (G4R+ Gy x ([2]* — [27])) n
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e Example: EoM for arbitrary  aumn (@ X)L(1mn)

5(almnﬁ(lmn)) :5almn A L(lmn) + Qpmn N 5£(lmn)
=0mn N L(tmn) + Mmn A IO A [Ltm—1)m)la + nmn A OV A [Lim(n-1))]a

=0 N ((Oézmn,¢ + VZ(Umn,x V290)) A Limn) + azmn,xvz¢(l [L((1=1)ymn)]ab
+m VYN [Ltm—1yn)]a + PV A [Limm—1))]a) + M(V(Qmn,eDP A [L1tm—1)n)]a)
—mn, x V28V @A [Lm—-1)n)]a — 27 AV (QUmn,x V0L (1(m-1)n)]a))

+m(m — 1) (amn V- ﬂ’ AL am—2ym)]ab + R” AV (Qmn V2 0[L1(m—2yn)]ab))
—I—mnva(almnD\Db AN Lm=1)(n—1))]ab) + NQGmp A ITL A ['C(lm(n—l))]a)

! m/2
nd
L2 (Qmn) = mnLimn) + Z A(1— ) (m+25)nL((1=§) (m+25)n) T Z Q(14-k) (m—2k)n L ((14k) (m—2k)n)
=1 k—1

20— (j+1)  Olau—(-1)(m+2(-1)n)

=D m+2i)n = 9N (m + 25 — 1) 0X ’
(m — 20k — 1))(m — 1 —2(k — 1))
A(1+k)(m—2k)n — 2(l T k) /a(l—l—(k—l))(m—2(k—1))ndX

JM. Ezquiaga 18th of November of 2016, Oviedo V Postgraduate Meeting



