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What is the most general theory of gravity?

(that deserves our attention)

cf. Pedro’s talk
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Ostrogradski's Theorem (1850)

an
Theories with L D 873’ n > 2 are unstable®

oL dOL d* oL

L(Q(t)quQ) — aiq - &aiq + @8741

Q>Cj>q‘7 q — Q11Q27P17P2

H = + terms independent of P;

* Assumes ¢, < Pa, Qo

Miguel Zumalacarregui Islands of Stability beyond the Land of Horndeski



Ostrogradski's Theorem (1850)

an
Theories with L D 873’ n > 2 are unstable®

oL dOL d* oL

L(Q(t)quQ) — aiq - &aiq + @8741

Q>Cj> _>Q1a 7P1a

H = + terms independent of P;

* Assumes ¢, < Pa, Qo

loophole for Degenerate Theories:

e 2" order equations

e Implicit constraints / reduced phase space
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Horndenski's Theory (1974)
9w + + Local + 4-D + Lorentz Theory with 2" order Egs.

Ly = Ga(X,9)
+G4R

4 x free functions of ¢, X = —%(A,@’“

e Jordan-Brans-Dicke: G4 = 16‘7%, Go = % )

Provides general framework to study gravity and cosmology
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Horndenski's Theory (1974)
9w + + Local + 4-D + Lorentz Theory with 2" order Egs.

Ln = Gi(X,0)—G3(X,¢)0e

+G4R

4 x free functions of ¢, X = —%(A,@’“

e Jordan-Brans-Dicke: G4 = %, Go = % )

e Kinetic Gravity Braiding - Deffayet et al. JCAP 2010

Provides general framework to study gravity and cosmology
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Horndenski's Theory (1974)
9w + + Local + 4-D + Lorentz Theory with 2" order Egs.

Ln = Gi(X,0)—G3(X,¢)0e

+G4R + Gy x [(D¢>2 - qﬁ;w‘#“ﬂ

4 x free functions of ¢, X = —%qﬁ,u(ﬁ’“

e Jordan-Brans-Dicke: G4 = %, Gy = % - V(o)
e Kinetic Gravity Braiding - Deffayet et al. JCAP 2010
e Deriv. couplings G4(X)

Provides general framework to study gravity and cosmology
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Horndenski's Theory (1974)
9w + + Local + 4-D + Lorentz Theory with 2" order Egs.

L = G2(X,0)—G3(X,9)0¢
+G4R + Gy x [(D¢>2 - qﬁ;w‘#“ﬂ

Gs x

+ G5 G,uu (ﬁ;wj 6

[(@0)° - 300)8,0 8" +26,76,0,"]
4 x free functions of ¢, X = —1¢ ,¢*
e Jordan-Brans-Dicke: G4 = %, Go = % )

e Kinetic Gravity Braiding - Deffayet et al. JCAP 2010

e Deriv. couplings G4(X), G5 # 0

Provides general framework to study gravity and cosmology
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General Disformal Relation - Bekenstein (PRD 1992)
Matter sector \/—gLu, (G, -.-) with

Guv = C(X, ¢>9/w +D(X, ¢)¢,u¢,u

~
conformal disformal

= 274 order egs. (automatically) X = -1(9¢)*

C x,D x=0 ~
Ly ——Lpu

C’,X,D,k

LA

Original frame — second order

Jordan frame — Non-Horndeski theory — higher order!
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(Conformal) Jordan Frame

= 5 conformal coupling:
V=3 (to0a +Lo) +vV=9Lm ~
l Juv = Cg;w

7 (@) ¢ A (G R
pv o
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(Conformal) Jordan Frame

= 5 conformal coupling:
V=3 (to0a +Lo) +vV=9Lm ~
l Juv = Cg;w

7 (@) ¢ A (G R
pv o

V. ((QR - 609Q) Q x¢*) + Q 4(QR — 600Q) ;(Séf =0
~O4 g, B3gun
Q%G + 29 (9,00 — Q)
T
—(QR - 60Q) Q x¢ 400 — G Qa2 +4Q,Q , = 87GT,,
—
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16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:

20(g,,0Q — Q) + QG
— G Qa0 +40 .9, — (AR — 60D)Q x¢ 6, = 87GT,,
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16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
2Q(30Q) + Q*G
— g% +4Q .0, — (AR — 60Q)Q x¢ 0, = 87GT),

Miguel Zumalacarregui Islands of Stability beyond the Land of Horndeski



16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
20(3000Q) + Q*(—R)
— g% +4Q .0, — (AR — 60Q)Q x¢ 0, = 87GT),
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16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
20(3000Q) + Q*(—R)
—0— (QR—-60Q)Q x¢ b, = 87GT ),

Miguel Zumalacarregui Islands of Stability beyond the Land of Horndeski



16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
20(3000Q) + Q*(—R)
—0— (QR—-60Q)Q x(—2X) = 87GT),
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16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
2Q(30Q) + Q*(—R)
0~ (QR — 602)Q x(~2X) = 87GT
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16
Vu((QR - 60Q2)Q xo*) + Q 4(QR — 600) 2;; —0

Take trace with g"¥:
20(3000Q) + Q*(—R)
—0— (QR—-60Q)Q x(—2X) = 81GT

Implicit Constraint - MZ, Garcia-Bellido 1308.4685

8nGQ xT
T = T |~ 09

—(QR - 60Q) = | ———X=_ =
(2R — 602) O - 204X

Trace of metric eqs — solves high derivs!
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Implicit Constraint - MZ, Garcia-Bellido 1308.4685

Tk = m = —(QR - 609Q)
Scalar Field egs:
Vi (0" Tx) + gﬁ’& - ;5(5; =0
Metric egs:
9"k ‘ —Q.0;
Wy

=5 g, 00— Q. =

ogHv —Qyoi 9i;10Q — 5

v" No higher time derivatives
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Conclusions

e Horndeski + general coupling to matter

e no-go-thearems = interesting opportunities!

e Questions:
* Most general ST theory?

* Distinctive features of theories with constraints?
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Backup Slides
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Is there even a Jordan Frame?

Non-trivial dependence:
g/,Ll/ = C( 7¢)g,ul/ + D( 7¢)¢,M¢,V

1
—_ p1e 7/8
5 J0i®"d

Map between metrics:
v R0 5 RI0
Guv g,uu

Inverse function theorem:
0Gw

0
89015 7&

39 (Juv) & '
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The Jacobian - Mz, Garcia-Bellido 1308.4685
Guv = Guv = C(X, 0) g + D(X, 0)b 10

=IIx

g;w

* Diagonalize Jacobian:
89(15

Eigenvalues & Eigentensors

09w > ;
—Nl)E5=0
(89a,8 : &

* Ao =C, 5, =
Ak =C—CxX +2DxX?| €K = 0g,,/0X

Ar, A¢ # 0 = dJordan frame

conformal

kinetic
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Jordan frame - General case

g;u/ = A(X, ¢)g,ul/ + B(X, ¢)¢,u¢71/

§(vV=gR) D> —v=gG"8gu

_ OFa O o
5 VgL gy — T 50 (56) 0 )

X
Gy | 0
Jacobian Eigentensor
Recall: oe o i
gaﬂ g/.tl/ ) gaﬁ
: = (A-A x X+2B x X
89/11/ GX ( XA X )6X

Eigenvalue

Implicit Constraint - MZ, Garcia-Bellido 1308.4685

— v 3§ v
G 0G0 _ /g 8nGTH ¥ _ T
0X g (A—A xX+2B x X?)
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Other uses of the Jacobian

Path integral:

/ Dy, DD o~ I A eLlgu ¢ ]
| S ——

9guv
Bgaﬁ

= Quantum equivalence of physical frames

Energy momentum in different frames:
v _ 99908 Fap
9 99y
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