Degenerate higher order
theories beyonddorndeski
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Most general scalar tensor theory in 4D

What is the most generalable scalartensor theory ?

viable = no ghost ghostcarries negative energy

guantummechanically, particles can be created from

¢ vacuumwithout costing anyenergy
)
g thereis no time scale for
Y instability in Lorentz invariant theory
Y the decay Is instantaneous

Unless the mass of ghost is above the-afiitscale of the theory,
ghost poses a serious consistency problem



Higher derivative theories

AOstrogradskghost

Theories with higher derivativeﬁ(g, 9, 0)
d? auL o d B oOlua

d*t g 0t _E _gJ?f@

We treatd as a new variable aid as a new velocity (we need four initial conditic

If the velocityd can be expressed in terms of momenta g

(non-degeneracy condition), it can be shown that the Hamiltonian is not
bounded from below Woodardastro-ph/0601672



Most general 2 order Scalar tensor theory

AThis was found biorndeskih Y T n Q&

Hg — / d*z vV —g (Hﬁg + Hﬁg + Hﬁ4 + H[:E;)

"Ly = K(o.X).
MLy = Gs(¢.X)00,
"Ly = Ga(¢, X)R — 2G4x (6, X) [(O6) — dpud™] .

Hﬁg—; = G5(0. X)G" 0, + —3(;3)\(() X) [(D(,,.«"‘))'3 — 3U¢ @0t + 2 g"')ﬁ!_,,qbij'()g-“')g']

X = a'u(:) aﬂ(:) @bﬂ-f/ = V,UV.UC)



G . S éHoAdreskd

AHorndeski
we can make conformaldisformaltransformations
G = (X, 0)guw + (X, 0)3,00, ¢ Bekenstein¥ ¢ H

ABeyOndHOI’ndeSki GleyzesLanglois PiazzayernizziW’ m n

BHS:/d4$ /_g (BH£4+BH£5) u:(‘)u‘b

BHE

4y = Fy(o, X) {X ((D@Q — o) = 2(00 ¢ud" by — 6 dup¢”) }’
BHLs = Fy(6, X)[X ((O0) = 300 60" + 260" })
— 3((00)° 60" 60 — 200 60" 18" — Gy 60" b5 + 20,6 61,6 b5 ) |

these terms introduce third order derivatives in tae.mbut the
number of propagation degrees of freedom remains the same



Primary constraint

A1+3 decomposition LangloisNoui1510.06930,1512.06820

A, =V, 0
A,LL — —A*TL“ + Auhib 0. 0 %o

L /. .z
Ve = TLMVMA* — N (A* - NMD,LLA*) W 0 %o

1 0S8
v—g oV,

7{-*:

If“. 1 (primary constraint), the equations of motion is second order



BeyondHorndeski

AEquations of motions contain higher order derivatives

L
A Gravitational degrees of freedom

1 48
V=9 0K4

APrimary constraint LangloisNoui1510.06930,1512.06820, Hullrisostomi KK Tasinato 1601.04658

1 /. o
Kuy = W (hwj —D(MN,/)) ﬂ-ﬂ

A, (242 - &%) ;. — ArAg iy ~ 0

_ 174 -
. . . . . K“ — K'u . _ AaAu
by a suitable redefinition of variable ="~ = 75

equations of motion become second order (Lorentz invariance is broken)




BeyondHorndeskt Horndeski

LangloisNoui1510.06930,1512.06820, Hullyisostomj KK Tasinato 1601.04658

AQuarticbH+ Quartic HQuinticbH + QuinticH

primary constraint still exists

[ A 2G v A% — Gy A

A, (QAQ _ AQ) L AMAL R~ 0
_ L T A, T T,

[ ; Gsx A? "

A, (247 — A2) — =2 | x, — AMA, 70 ~

ADisformaltransformation

G = guv +1'(0, X) AL Ay

T I
41X —
_ _ X2F +2XGyux — Gy
Hp (G 4] +BH£4[F4] = Hﬁ4[G4] !

L 3 Iy
HEGs) + BHLS[F]) = M Ls[Gy] Ty =

O3 X2F — XGsx



BeyondHorndeskt Horndeski

LangloisNoui1510.06930,1512.06820, Hullyisostomi KK Tasinato 1601.04658

ABeyondHorndeskilone
cannot be mapped télorndeski(beyond H is mapped to beyond H itself)

AQuinticbH+ Quartic H, QuartioH + QuiticH

primary constraint is lost



General analysis

LangloisNoui 1510.06930,1512.0682Qrisostomi KK Tasinato 1602.03119

AQuadratic theory ., - Z Li+ Lp

=1
L1[A1] = A1(o, X)dpu ™
Lo[As] = As(6, X)(Oo)?.
L3[As] = Az(¢, X)(UP)d" ¢y
La[Ad) = As(b, X)PH 0™,
Ls5[As] = As(6, X) (¢! dpud”)’
LrlG] = G, X)R

Almpose the existence of primary constraint

(a,thrbAa}Al“) T, teme+d=0



Quadratic theory

Crisostomj KK Tasinato 1602.03119Achour LangloisNoui 1602.08398

ANon-minimally coupled theory cxic = . x)r

Non-minimally coupled theories
Classification Free functions Minkowski limit Examples
N-1 3 v (H, BH) H, H+T (H+BH)®), H+Q+1®
N-II 3 v
N-IIT (i) 3 X
N-TIT (ii) 3 X

Juv = Q(X)g,uu + F(X)Qb,u-@bu

Ly[G) = Ly|G] + Lpu[F] + La[As] + L4[A4] + Ls[As]

2(G - 2XGy)

(N-II) Ay =—-A; =-G/X As



Cubic theory

Achour CrisostomjiKK,LangloisNoui, Tasinatal608.08135
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Non-minimally coupled theories

Classification|| # dof |Free functions|Minkowski limit Examples
IN-T 3 fs, i=1,4 v (H, bH) [H, H+bH, T@H® (Q,I"e@H®

3N-11 3 f3, i=5,8,10 v




Cubic + guadratic theory

Achour CrisostomiKK,LangloisNoui, Tasinatal608.08135

2N-1 2N-I1 2N-I11 2N-1V (]) by = —a1 fax X*ﬁblff_}fﬁ)(m.fQX-Y+Q.f2f3x
SN-1 (1) X X X 0y — 2(b1 (9a1 fa X —12a1 fox X246 f2 fox X—63)+2fax (f2—a1X)?)
QT S 2h, f. 2
SN-II X % X X b1 faX




Minimally coupled theories
Classification Free functions Minkowski limit Examples “ AN | SNLLL | ANLLLL NIV | ANV | ANLVI | ANLVII |
M-I 3 v (BH) BH, EBH", BH+Q®?) ML 0 o) % X 3 X X
M-1II 3 X M-I X X v v X X (1)
M-ITT 4 v Li(i=2,3,4,5) “M-I1T X X X X v v (5)
Non-minimally coupled theories
Classification Free tunctions Minkowski limit Examples ' ” Y g, | L | LT | YR, | LV { VT l VI |
NI 3 v (H, BH) H, H+T (H+BH)®, H+Q+T® NT [Ded[oe®] o X [mem| x X
N-11 3 v 2N-11 X X X X X X (7)
N-IIT (i) 3 X IN-TII (3) (6) v X (4) X X
N-IIT (ii) 3 X IN-TIV[[(2) & (3)[(2) & (6) (2) X (5) X X
Minimally coupled theories M-I 2M-I1 2M-I11

Classification|| # dof |Free functions|Minkowski limit Examples 3N-I X X X

M-I 3 i=1.2,3.4 v (bH) bH, QebH™®) AN-II X X X

SM-IT 3 i=1,3,6 X

SM-111 3 i=1 X

M-IV 3 i=1,4,5.8.10 X 2N-] 2N-II 2N-III 2N-1V

3\ i—1.

313-1[-\\7[1 1 i—l._il,Sl,;._Q,l() § 33N—I () X X X

SM-VII 3 1=5.7,8.10 X NI X v X s

Non-minimally coupled theories

Classification|| # dof [Free functions|Minkowski limit Examples

3N-T 3 fa,i=14 v (H.bH) [H, H+bH, ToH®), (Q.T)oH®)

SN-11 3 f3.1=5.,8.10 v

Achour CrisostomiKK,LangloisNoui, Tasinatol608.08135




Applications

ACosmological perturbations
guadratiC de Rham Matas1604.08638

tensor mode is well behaved inINand NIl ()

Non-minimally coupled theories

Classification Free functions Minkowski limit Examples

N-1 3 v (H, BH) H, H+T (H+BH)®), H+Q+1T®
N-1II 3 v

N-IIT (i) 3 X

N-IIT (ii) 3 X

scalar perturbations are unstable (gradient instability) +HIN)

AScreening

beyond H breaks th¥ainshteilmechanism in the presence of matter




breaking oVainshteirmechanism

AEH+ beyondHorndeski

R Lo=¢u =X
= f TV [Mgl (3 - A) Bachtie 4’“*] Lipa = —X [(06)2 — ($u)?] + 20" 6,006 — $od’,)
12 172 2
i _zj"[f;j;’ (1-08), faz gf%; (1 - o?)

dd GxM T GyM”

dr 12 + 4

d¥  GxM  5ToGNM

dr — 2 47?2

Kobayashi, Watanabe, Yamauchi, arXiv:1411.4130
KK,SaksteinarXiv:1502.06872

Saito, Yamauchi, MizunGJjeyzeLangloisarXiv:1503.01448
BabicheyKK L anglois Saito,SaksteinarXiv:1606.06627



