Degenerate higher order
theories beyond Horndeski

q Kazuya Koyama
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Most general scalar tensor theory in 4D

What is the most general viable scalar-tensor theory ?

viable = no ghost  ghost carries negative energy

o guantum mechanically, particles can be created from
vacuum without costing any energy
)
g there is no time scale for
v instability in Lorentz invariant theory
y the decay is instantaneous

Unless the mass of ghost is above the cut-off scale of the theory,
ghost poses a serious consistency problem



Higher derivative theories

e Ostrogradski ghost
Theories with higher derivatives | (g, g, §)

difa) _dfaL) (o) _g
d’tlog ) dtl g oy
We treat g as a new variable and ¢ as a new velocity (we need four initial conditions)

If the velocity § can be expressed in terms of momenta oL / 8

(non-degeneracy condition), it can be shown that the Hamiltonian is not

bounded from below  Woodard astro-ph/0601672



Most general 2"? order Scalar tensor theory

* This was found by Horndeski in 70’s

HS = / d4;1? vV —g (Hﬁg + Hﬁg + H[:4 + H£5)

"Ly = Ko, X).
Hes = Gy(0, X)0Oo,
"Ly = Gu(d. X)R —2G4x (6, X) [(30)* — o] .

1 :
H[.:": — GV)(C) X)Gfu.y(rb/-w + §G3)\'(O X) [(III())3 -3 DO é)m/ @TB#V + 2 ON/OVPO};]

X = a'u(:) aﬂ(:) @‘T)ﬁ.f/ = V,UVI/C)



“Beyond Horndeski”

 Horndeski
we can make conformal/disformal transformations

fj#,}_,.r — .{.12 (-}{-- E}j‘g}l_u.-' _l_ ]-_‘l{:.:ﬁ.r. {E}]la#oar;{ﬂ' BekenStem 192

i BeyOnd Horndeski Gleyzes, Langlois, Piazza, Vernizzi ‘14

BHS:/d4IE /_g (BH£4+BH£5) u:(‘)ulgb

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 the e.o.m but the
number of propagation degrees of freedom remains the same



Primary constraint

* 1+3 decomposition Langlois, Noui 1510.06930,1512.06820

A, =V, 0
Ay = —Any, + AhY, A, D¢
v*:nMVA*:i(A*NMDA*) =Y nH
M N H *
1 oS
Ty =
v—g oV,

if T, = 0 (primary constraint), the equations of motion is second order

Uv



Beyond Horndeski

* Equations of motions contain higher order derivatives
m, 0

e Gravitational degrees of freedom

1 68
V=9 0K&

J Primary constraint Langlois, Noui 1510.06930,1512.06820, Hull, Crisostomi, KK, Tasinato 1601.04658

1

Ky = 53 (h,w _ D(MN,,)) o

A, (242 - &%) ;. — ArAg iy ~ 0

Vi

by a suitable re-definition of variable K& =& — 5o Aa A"

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



Beyond Horndeski + Horndeski

Langlois, Noui 1510.06930,1512.06820, Hull, Crisostomi, KK, Tasinato 1601.04658

e Quartic bH + Quartic H, Quintic bH + Quintic H

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 ~

* Disformal transformation

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

F _
W OXPE, ¥ 2X Gy — Gy

_ _ 3 Fx
HEE)[GE)] -+ BH£5[F5] — H£5[G5] Isx = 3X2F5 — XGxy 7




Beyond Horndeski + Horndeski

Langlois, Noui 1510.06930,1512.06820, Hull, Crisostomi, KK, Tasinato 1601.04658

* Beyond Horndeski alone

cannot be mapped to Horndeski (beyond H is mapped to beyond H itself)

e Quintic bH+ Quartic H, Quartic bH + Quitic H

primary constraint is lost



General analysis

Langlois, Noui 1510.06930,1512.06820, Crisostomi, KK, Tasinato 1602.03119

* Quadratic theory Lot = iﬁﬁ—ﬁg

=1
Li[A1] = Ai(¢, X))
L2[A2] = Az(6, X)(Oo)’
L3l As] = Aa (. X)(O6)# 60"
L5[As] = As(o, X)(Qf)ﬂq-‘)m/@p)z |

* Impose the existence of primary constraint

(a,thrbAa}Al“) T, teme+d=0



Quadratic theory

Crisostomi, KK, Tasinato 1602.03119, Achour, Langlois, Noui 1602.08398

* Non-minimally coupled theory cxic1=cw©. 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-IT) Ay = —A; = —G/X A4 Ve




Cubic theory
e Cubic ibing)*‘LG

ng) _ (Dd))g7 Lg%)

3 N2 ARV
LY = (06)? 6,6 ¢, .

L

3 Iy 2 PO
Lg ) = Qu@ Q)J/p(.f)p Do s

= (0¢) &, ¢
3
Ly

3 L
Lé ) = Ou®

Achour, Crisostomi, KK, Langlois, Noui, Tasinato 1608.08135

jnz (3) _ INYY Y
Ly = ¢, ¢" ¢y,

RN 71 ! | 3 ! N |
— 0 ¢u ™ dpd”, L = §ud™ 6y b1

8}

UV P oL TN
Quvp® Po@ @),

(3)

3 Ty L 1 .
LY = 0o (dud o), LYY = (0p0 )
LG = f3 GH.V@;)'LW
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, Crisostomi, KK, Langlois, Noui, Tasinato 1608.08135

2N 2N-T1 2N-T1I 2N-TV (1). by = —a1 fax X*Gblfiffﬁ);)l.fQXXﬂLQfoSX
BN—I (1) X X X a4y — Q(hl(Qf'rlfQX*le?lfz,\' X246 f2 fox X*Gfg)ﬁL?.f:z.\'(.fzfﬂlx)z)
oo 3 = b fo N2
SN-I X v X X fd




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 IN-11 X X X X X X (7)
N-TIT (i) 3 X 2N-II1 (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

M-I 3 i=1.2,3.4 v (bH) bH, QebH™®) AN-II 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[-\\/[1 1 i—l,ii,Sl,;._Q,l() § 33N—I () X X

SM-VII 3 1=5.7,8.10 X NI X 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, Crisostomi, KK, Langlois, Noui, Tasinato 1608.08135




Applications

Non-minimally coupled theories
Classification Free tfunctions Minkowski limit Examples
N-1 3 v (H, BH) H, H+T (H+BH)®), H+Q+1T®
* Cosmological perturbations o 3 ‘
N-IIT (i) 3 X
N-IIT (ii) 3 X

quadratic de Rham, Matas 1604.08638

tensor mode is well behaved in N-I and N-IlI (i)

scalar perturbations are unstable (gradient instability) in N-I11 (i)

* Screening

beyond H breaks the Vainshtein mechanism in the presence of matter



breaking of Vainshtein mechanism

* EH+ beyond Horndeski

R Lo = Qbud)u = &
S—fd‘lw\/_ [M2<—A>k£+ C ] ,
g pl 2 22 f4 4,bH E4,bH =—-X [(D¢)2 o (qbul/)z} + 2¢N¢ [¢;LVD¢ - ¢ua¢au]
2 2 oAt AT M g3 M?
ds® = (—1—|—2(I)) dt —|—(1 —|—2\IJ) 523 dz’ da by = —2 pl2 (1_0_2) 7 f4:_1311(1_02)
v 6v;
dd B GNM Y GaM” ‘ |
o 2 1 0% = A/(3M2H?)
AW GNM 5ToGy M
dr 72 o Ay2 o(r,t) = vot + % In(1-— H27’2)
Gx = 3G Kobayashi, Watanabe, Yamauchi, arXiv:1411.4130
o2 — 2 KK, Sakstein, arXiv:1502.06872
T =Yo=7 = 1 (1—0?) Saito, Yamauchi, Mizuno, Gleyze, Langlois, arXiv:1503.01448
3

Babichev, KK, Langlois, Saito, Sakstein, arXiv:1606.06627



Neutron stars

R Lo=¢ud' =X
S= [ d*c /=g | M2 (—A)kﬁ C 3
/ tvTd [ pl\ D 2ba + falapm Lo = —X [(O8)2 — ($w)?] + 268" [0 00 — ¢usd))

M _ 0 2 2
e o(r,t) v0t+2Hln(1 HT)+90(T)
4 SLy4 e GR
e T =-0.03
3 e I =-0.05

Babichey, KK, Langlois, Saito, Sakstein, arXiv:1606.06627




Conclusion

* The "'most”’ general viable scalar tensor theory has been identified
this includes the Jordan version of the Honrdeski theory with metric
J'?,.!.u.f —_— \QE[}{ @:}'f;’g.m — ].—{ X. D)ﬂ}“ (:3'(33;@

and beyond Horndeski theories

e Some interesting consequences in cosmology/screening have been found



