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Historical Overview

@ 1971 — Lovelock

the most general metric theory of gravity yielding conserved second order equations of
motion in arbitrary number of dimensions

@ 1974 — Horndeski

the most general scalar-tensor theory of gravity yielding conserved second order equations
of motion in 4 dimensions

@ 2008 - Galileons [Nicolis, Rattazzi, Trincherini]

a set of terms within 4-dimensional EFT obeying the symmetry ¢ — ¢ + ¢+ buz* (ina
non-trivial way)

@ 2009 - Covariant / Generalized Galileons [Deffayet et al.]
rediscovery of Horndeski

Second order field equations )

What’s wrong with higher order field equations?
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Ostrogradsky theorem — 1850

Assumptions: 1) single variable  2) non-degenerate (nd)
@ Newton, i.e. L = L(q, §)
oL d OL nd .. .
—_ - =F
et 90 = G (¢, 9)
oL .
P=3, nd = ¢ = f(g, p) H(q,p) =pf—L(a, f)

@ Higher derivative L = L(q, ¢, §)

0L d oL d? oL nd
_a & 9x LN G4 =F(q, g, d, d
9q  dt 9q  dt? 05 (4.4, 9)
oL d OL oL
=gq, =—-——, P= , nd=g¢= ,Q, P
Q=4 96 di 0 i i=f(g, Q, P)

H(q, Q,p, P)=pQ+Pf—L(qg, Q, f)

H linear in p = unbounded energy

WAY OUT: break the assumptions
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Evading the Ostrogradsky instability

Assumptions: 1) two variables 2) degenerate Langlois & Noui [arXiv:1510.06930]

@ L=L(aq, ¢1, G1, g2, 42) —  L(q1, Q, Q, g2, d2) + A(d1 — Q)

L L L
p1 = 87 =A P= 67 p2 = i
oq1 aQ 942
%L %L
~ —
Primary constraint (P, pa) 0 <= |detH=0 H= 32Q 3Q23¢J2
O%L 0%L
9420Q 943
Generalization: Motohashi et al. [arXiv:1603.09355]; Klein & Roest [arXiv:1604.01719]
° L:L((%m7(1.5m,¢m’qa7qa) 'U;?L - (é'fn,V,%) Vyg = _LémQBLd_ﬁlda
YA = (ém,qa)

Primary constraints <= 0= P(,pn) = v;‘ﬁLm% vf

: _ — o AT B
Secondary constraints <= 0= Sjpy) = 2me¢[AwB] U,
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Evading the Ostrogradsky instability

Field theories: [arXiv:1703.01623]
@ L= L(8u0v$m, Oudm, dm, Ouda, da) v = O, Via) V= —Lg o Loli
YA = (Qsmy da)
) ) _ _ A B
Primary constraints <= 0 = P, = meﬂLAILB”n

i —(S. = Ar . B
Secondary constraints <= 0= (S;)(mn) = ZUme(AOin)Un
_ — 9, AT B A B
0= Spmn] = vaLw[AUJB]vn +20m Ly s0,0p 8’funl
A B
— 0 (Ude'J[Aain]v” )

Lorentz invariance = (Si)(mn) =0 i Prpn) =0

1 primary constraint — 31 secondary constraint
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Kind of theories

@ L = L(0u0vdm, Opudm, dm, e 4ar) v = O, Vi) Vim=—Lg o Lols

@ Class: V5 =0 — trivial primary constraints
@ Class Il: Vi # Vo (0u0u¢n,0uqg) — linear primary constraints

@ Class lll: Vy = V3 (0u0yén,0uqg) — nonlinear primary constraints

First Order

H GR
(multi)-Galileons
Horndeski
vector-Galileons

1 Total derivative

beyond Horndeski
DHOST/EST
EVT

@
&

?2??

Classlll :
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Scalar-Tensor Theories

two fields (g, @)

Second derivative of ¢: L=L(V,0,90) — L(VuAL) + A (0ud — Ap)

Guv = hppy —npny
Covariant 3+1 decomposition:

th = 9/dt = Nnt + N*

Ap=Ayhl, — Auny

Vudy =N VA ALT Ko+ V=ntV, A~ ¢

92L iy 82L
H = 9 A P b B’L] E [Py — b
. . ov? OVOK;;
B ]C’LJy

Kij,kl = 82[’

detH=0 =— ghostfree
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Degenerate Scalar-Tensor Theories

5= / a2 v/=g (f2 R+ Cl" b bpo + f3 Guvd™ + Cliy* 7 by b das )

@ 24 classes of theories with 17 free
functions [arXiv:1608.08135]

Phenomenological applications:

@ ET of DE
Langlois et al. [arXiv:1703.03797]

@ Stable bouncing cosmology
Creminelli et al. [arXiv:1610.04207]

@ Breaking of Vainshtein mechanism
Kobayashi et al. [arXiv:1411.4130] + many others
(including Eugeny)
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Pure Metric Theories

S[g;w] = /d493 vV—gL (g,um apg;w, apacrg,uu) 2 sz 2 ”m]

FULLY DEGENERATE THEORIES

9%L

6 primary constraints <= A9 (g,y) = T @) 0
5ij ()09 xm (y

GB = (xR*™ ag) (xR ), P = (xR* 0g)R™ 1y, O = (WR* p0) (xR o) (xR 1)

*RMY o = z—:“”aﬂRaigm

6 secondary constraints = EH

C has NO secondary constraints — 5dof (3 Ostrogradsky modes)
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Pure Metric Theories

S[g,uu] = /d493 vV—gL (g,uw OpGuv; apacrguu) 2 Kz] 2 Yij

PARTIALLY DEGENERATE THEORIES

5 primary constraints <= Rank [A"*™(z,y)] = 1

f(R) f(GB) f(P) — Chern-Simons gravity  Jackiw & Pi [gr-qc/0308071]

5 secondary constraints — f(R) , f(GB) + X

CS is conformal invariant — 4 dof
4 secondary constraints missing :(

In the Unitary gauge is OK | 1)
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Chiral Scalar-Tensor Theories

One new ingredient: Levi-Civita tensor e#"*?

First derivatives of the scalar field only:
L1 = " P Rogoo RunP a0 90>, L2 =" PR 5,0 Ruin""dud’,
L3 = " P Roppo R v bu s Ly=XP
Including second derivatives of the scalar field:
L1 =" P Roppo ¢’ $ud]
Ly =" P Rogp0¢h07 L3 =" P Rogpod” o000 dx |

Ly =" P Rogoodvdfd3¢”,  Ls =" P Ropord®dsolon ,
L = e""*P Ry ¢a oL b | Ly = (9¢) L1

6 (+ 1) primary constrainis = v tuning the free functions

6 (+ 1) secondary constraints = X no way
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Chiral Scalar-Tensor Theories

Unitary gauge:

First derivatives of the scalar field only

22 ¢iiA 5
Sva = T [2 (2a,1 + az + 4aq) (KKmZDAKJm + )Rsz)\KJm - KmiKmnDAan)

— (a2 + 4as) (2 Ko KPDp K + (3)Rj>\m"DnKZm>]

Including second derivatives of the scalar field
i .
Sva = m €t {2N [b]_NKmiDAK;n + (b4 + by — b3) (f)KmZK;LDnK;\n]

+ 4 [bg G Rjam ™K DN — 2 (bs + bs) (B)RmAK]’-"DiN] }
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@ ltis possible to avoid the Ostrogradsky instability in higher order theories in a non-trivial
way

@ Brand new theories

@ New phenomenology — GW in parity breaking scalar-tensor theories

Thank you
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