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M Many scalar-tensor theories with 2nd-order EOMs
® Brans-Dicke theory

W
Sap = Jd‘*x\/—_g <¢R _ WBD X) No extra DOF

¢ (2 tensor + 1 scalar)
® f(R) gravity (as scalar-tensor theory) /

5= [a=gr@®) o s = [aty=gli@) + F @R - )]

M No go for higher-order EOMs: Theorem of Ostrogradsky
Given a Lagrangian L(qi, qt, é['i). If the kinetic matrix k;; = 02L/0G0G’ is nondegenerate,

then the Hamiltonian of the system is unbounded I
extra DOF associated w/ higher-order EOMs detk;; # 0
= “Ostrogradsky ghost” g

M A theory without Ostrogradsky ghost = “healthy”
mmm) Hegalthy higher-order theories must have degenerate Lagrangian (det ki; = 0)
B The most general ST theory having 2nd-order EL egs. --- Horndeski theory (Horndeski 1974)
(sufficient condition for the healthiness)
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B Horndeski/generalized Galileons (Horndeski 1974, Deffayet+ 2011, Kobayashi+ 2011)

SH = jd4x\/—g(L2 —+ L3 + L4_ + Ls),
R: 4D Ricci scalar

where o
G, 4D Einstein tensor
Ly = Gy(¢,X) X = 0,90,
— - u¥ Y%
L3 — G3(¢,X)D¢ ¢uv = Vqud)
Ly = Go($, XIR = 2G4x|(@)? — dpicpy | Gix = 0xG;

1
Ls = Gs(, X)G" by + 5 Gox[(@))* — 3@PDL) + 2007 5]
M Characterized by 4 arbitrary functions G, G3, G4, Gs of (¢, X)
B The most general single-field scalar-tensor theory in 4D that yields at most 2nd-order
Euler-Lagrange egs. both for the metric and the scalar field

... trivially evades Ostrogradsky ghost (2 tensor + 1 scalar modes)

M Existing theories are reproduced by suitable choice of G;’s
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B GR + canonical scalar

SGR = J d x\/_[ R - V(¢)] X = g'uva,uqbavgb

2
_ Mp,

X
= GZZ—E—VQP): Gy = 2 G3 =G5 =0

M f(R) gravity
5= [¢xy=gr@®) o 5 = [aty=gli@) + F R - )]
— G =) - 9f' @), Gu=[@),  Gi=G5=0

B nonminimal coupling to the Gauss-Bonnet scalar (Kobayashi+ 2011)
Sop = [ A0V GE B (RE Rynns — AR Ry, + R2)

) G, = 28WX2(3 —In|X]), G3 =2&®X(7 - 31n|X]),
G, = —28@X2(2 —In|X|), G5 =—4&WIn|X| den
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B Degenerate scalar-tensor theories w/ 3 DOFs
® Horndeski/generalized Galileons (Horndeski 1974, Deffayet+ 2011, Kobayashi+ 2011)
® GLPV theories (Gleyzes, Langlois, Piazza, and Vernizzi 2015) [also called “beyond Horndeski”]
® quadratic/cubic DHOST (Langlois+ 2016, Crisostomi+ 2016, Ben Achour+ 2016)
(Degenerate Higher-Order Scalar-Tensor theories) [also called “extended ST”]

mmm) Specify all the degenerate theories up to cubic order in V.V

Fy + F,0O¢ could
constructed from ¢ and ¢u || further be included
— 4 A A
Sqje = [ ARV TGILR + @ Gaibag + 56" By + D7 Gy istag]
Y Y
quadratic cubic R: 4D Ricci scalar
L Gy 4D Einstein tensor
Chosen so that the Lagrangian is degenerate ,
X=g"oudy

B Some specific case with only 2 DOFs (on a cosmological b.g.)
mmm) ) behaves as an auxiliary field = “cuscuton” (Afshordi+ 2006)
A general class of such theories can be specified --- “extended cuscuton”

(KT, lyonaga, Kobayashi, in prep.)
See Aya lyonaga’s talk!
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M The absence of Ostrogradsky ghost is not a sufficient condition for a theory to be fully viable.

v/Stability of...
® cosmological solutions == \We focused on the stability of flat FLRW background
® BH solutions

v'The almost simultaneous detection of GW170817 and GRB170817A implies
lcow — 1] < 10715
mmm) A trivial class of DHOST theories where csyy = 1 (Langlois+ 2017)
where

Ly = @D " B Ly = pPPRdidr,  Ls = (0" b))’
A, = 8% |48F2 — 8(F — XFy)A; — X243,  As = % (4Fx + XA3)As.

However, note that the constraint on cgy, applies only to low-z universe (z < 0.01).
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nondegenerate (Ostrogradsky ghost)

e ——

degenerate (< 3 DOFs)

quadratic/cubic DHOST
higher-order EL egs.

Horndeski

2nd-order EL egs.

[

(VU p)*? GR (2 DOFs) disformal transformation
UV gh? * Guv = A, X) gy + B(d, X9,

X=g"oudy

(except for those w/ nondynamical tensor modes)
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nondegenerate (Ostrogradsky ghost)

e ——

degenerate (< 3 DOFs)

dratic/cubic DHOST
ﬁ quadratic/cubic N

higher-order EL egs.

Horndeski

2nd-order EL egs.

*
(VU p)*? GR (2 DOFs) disformal transformation
TVVe? * Guv = A(D, X)guy + B, Xy
*
& up to (PV¢)3 *
*
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B How can we go outside the quadratic/cubic DHOST class?

mmm) | ct’s start from nondegenerate theories!

invertible: g, © g,y One-to-one

M If the transformation is invertible, the resultant theory is also nondegenerate
(- DOFs are invariant under invertible trnsf.) KT, Motohashi, Suyama, and Kobayashi 2017
mmm) | ct’s consider noninvertible (singular) transformations!

| | | X - Q72X under g, = Q*g,
B Noninvertible conformal transformation - .
= Juv: invariant

N.B. Any noninvertible disformal trnsf g,uv = _Xglﬂl
b tin this f _
can be recast in this form X = g"va,pd, ¢

B Mimetic gravity

fseed[gw,qb] E—) Smim[gw,qb] conformal sym. <,‘://

“seed” ST theory “mimetic theory”

® mimetic = “Copying the behaviour or appearance of sb/sth else”

Mimetic gravity can mimic dark matter (Chamseddine and Mukhanov 2013)
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nondegenerate (Ostrogradsky ghost)

e ——

degenerate (< 3 DOFs)

dratic/cubic DHOST
ﬁ quadratic/cubic N

higher-order EL egs.

Horndeski

2nd-order EL egs.

*

GR (2 DOFs) disformal transformation
* Guv = AP, X) gy + B($, X)0,0, ¢

*
Y original mimetic gravity *
guv - _Xguv
* “extended mimetic gravity” KT and Kobayashi 2017
I (see also Langlois+ 2018) |
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Sseed[guv» @] = jd4x\/__g[f2:R + fSQMvV o+ F(gmu ¢)]

Nondegenerate!

I 2 Guv = _ngb Smim[Iuv: @]
B ADM decomposition
ds? = —N2dt? + y;;(dx' + N'dt)(dx! + N'dt)

B ADM representation of extended mimetic gravity models Lagrange multiplier fixes

h — N'D;
takes the form = w
Stnim [ ®] = jdtd?’x[N\/_LM(yU,RU,gb A VD) + A(NA, + N'D;p — ¢)]
A, — D¥¢D,N — N¥D,A, K..z_(y-.._ZD ;)
V- _K . b= oN i ()]
b T \ NA, Yij D;: 3D covariant derivative

M Highest derivatives y;; and qb appear only in the combination V;; m—) degenerate!

M |n the Hamiltonian analysis, an additional primary constraint appears (next slide)
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M For a technical purpose, we consider
S’[guw ¢] = Smim |V--—>B-- + fdtd?’x Nllij(Bij - Vij)
ij ij
M Canonical variables -+ 50-dim. phase space
my ;Y py p. pY PP
Not all of them evolve independently (<> constraints)

® First-class constraints --+ 9 in total

TN, T, H, H; ¢ <+ peculiarto
—_— — mimetic gravity!
4D diffeo. EM conservation conformal

For short, | write
IIﬂN z O" ﬁ “7TNI,, etc.

® Second-class constraints «++ 26 in total
7Tl P pi, P, P;;, oV
M The number of physical DOFs
# of second-class

1(50_9><2_26)=3 No extra DOF!
2t #offirst-class
phase-space dim.
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nondegenerate (Ostrogradsky ghost)

e ——

degenerate (< 3 DOFs)

dratic/cubic DHOST
//= quadratic/cubic N

higher-order EL egs.

Horndeski

2nd-order EL egs.

*

|
!
!
!
!
!
!
!
!
!
!
!
!
|
l GR (2 DOFs) disformal transformation
!
!
!
!
!
!
!
!
!
!
!
!
!
!

* G = A, X) g, + B(¢, X)0, 00,6
*
up to (VV¢)3 *

extended mimetic gravity cosmological perturbations?
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BGaugefixing:p =tand X =—-1(->N=1) K=K

1. o .
Smim = jdtd3xw Kfz = Ef3>R + F(t, K, 55, K, ---,JQ))], K = KK K"

2 i
M Metric ansatz (flat FLRW background + perturbations)

1
N=1, N =08y vy=a*{t)e* (5ij + hyj + _hikhkj)

2
B Tensor quadratic action scalar pert. / TT tensor pert.
3 2
(2) _ 3.4 2 (akhij)
Scalar quadratic action opposite sign!\ mmp oradient

3A+ 2B . (0,,0)> instabilities!

(2) _ 3.3 2 k

S/ =2 | dtd —— B E
5 f X o P T E T
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nondegenerate (Ostrogradsky ghost)

e ——

degenerate (< 3 DOFs)

quadratic/cubic DHOST

Horndeski

Only the Horndeski theory and
their relatives can accommodate
stable cosmology...?

extended mimetic gravity
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B How can we go beyond the quadratic/cubic DHOST class via disformal transformation?
mmm) Consider a noninvertible transformation of nondegenerate theories!

(** Invertible transformations cannot change the DOFs) KT, Motohashi, Suyama,
and Kobayashi 2017

M “Extended mimetic gravity” KT and Kobayashi 2017
Perform §,, = —X g,y on theories with 4 DOFs:

gseed [guv» ¢] — jd4x\/ _g[f2~7~2 + f3g~ﬂv‘7u\7v¢ + F(guv: (l)r ‘7;1(]—')» |7;1‘71/(]-'))]

\ /

functions of (gb,)?) X =g"o,$o,¢

mmm) The resultant theory Spim[g,v, @] has only 3 DOFs due to the conformal sym.
M Cosmological perturbations suffer from gradient instabilities

M Similar extension? Phenomenology?
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