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Motivation

B (((CC) has been studied extensively maldacena (2003); Chen, et al. (2007); ...

B Useful for discriminating different models of inflation

B Non-Gaussianity of primordial gravitational waves
(hijhijhiz)

B Probably extremely difficult to observe, but interesting

Maldacena (2003); Maldacena & Pimentel (2011); Soda, et al. (2011); Gao, et al. (2011);
Cook & Sorbo (2013); Huang, et al. (2013); ...

B This work: evaluate “(h;;h;;h;;)" in a general framework
of inflation (= scalar-tensor theories beyond Horndeski)
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B (General single-field inflation = (single) scalar-tensor theory
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B (General single-field inflation = (single) scalar-tensor theory

B Horndeski theory: the most general scalar-tensor theory
with 2nd-order field equations

e — G2(¢7X)_G3(¢7X) ¢+G4(¢7X)R
G4 x |[(T0)” — (V.V.,0)°| + G50, 50E

1 H : ; :
Ny Vs orndeski (1974); Deffayet, et al. (2011);
A = 9 Y aﬂgbanb TK, Yamaguchi, Yokoyama (2011)

— free from the Ostrogradsky instability



. Setup

B (General single-field inflation = (single) scalar-tensor theory

B Horndeski theory: the most general scalar-tensor theory
with 2nd-order field equations

4 arbitrary functions . _1 iy £k (1974); Deffayet, et al. (2011);
% 29 e B Yamaguchl Yokoyama (2011)

— free from the Ostrogradsky instability



. Setup

B (General single-field inflation = (single) scalar-tensor theory

B Horndeski theory: the most general scalar-tensor theory
with 2nd-order field equations

4 arbitrary 1unctions v Sl 5,40, o' (1974); Deffayet, et al. (2011);
% 29 e B Yamaguchl Yokoyama (2011)

— free from the Ostrogradsky instability

Beyond Horndeski: 2nd-order in time, but higher in space,
thus can still avoid the Ostrogradsky instability

Gleyzes, Langlois, Piazza, Vernizzi (2015); Gao (2014)



Scalar-tensor theories
beyond Horndeski

B Unitary gauge description of Hormdeski theory

N Co(0 X) + -+ Gu(d, X)R+ Gax (o) — (VN o) E

X = §*/2N? l -~ ¢ = ¢(t) ADM decomposition

L=At,N)+ -+ As(t,N) (K? — K) + Ba(t, N)R® + - -
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Scalar-tensor theories
beyond Horndeski

B Unitary gauge description of Hornaeski theory

N Co(0 X) + -+ Gu(d, X)R+ Gax (o) — (VN o) E

X = ¢?/2N? l - ¢ = ¢(t) ADM decomposition
L=As(t,N)+-- + As(t,N) (K* — KZ}) + Ba(t, N)R® + . ..

B [his leads to spatially covariant theories of gravity

Gleyzes, Langlois, Piazza, Vernizzi (2015); Gao (2014)
£ —dot, N)+di(t, N)R® + dp (R + ... L dyaia’ +apK + o R T
—|—CL2R§?)K”—|——|—[?1K2—|— a; :8ZIDN

Higher spatial derivatives, more general than Horndeski,
same sprit as EFT of inflation, Horava gravity, and ghost condensate

Cheung, et al. (2008) Horava, et al. (2009) Arkani-Hamed, et al. (2004)




Scalar-tensor theories
beyond Horndeski

B Unitary gauge description of Hornaeski theory
L= G2(¢7 X) TS G4(¢7 X)R T G4,X [( ¢)2 o (vuvu¢)2] a5

X = ¢?/2N? l gb gb() ADM decomposition

L= A, N)+ +A4(t N) (K? — K2) + Ba(t, N)R®) + - ..

B [his leads to spatially covariant theories of gravity

/'nﬁ/")/'te/y many a/fb/'z‘/fa/’y functions Gleyzes, Langlois, Piazza, Vernizzi (2015); Gao (2014)

R do(t N —|— dq (t N)R(S) + do (R(B)) e d4CLZ’CLi + ag K + alR(S)K

/ﬂ+a2R(3/g =+ —|—b]ﬂ¢ .0 o
/ﬂ Higher spatial )

| AERE R BN
denvaﬂves/r:)re general than Homdeski,
same sprit as EFT of inflation, Horava gravity, and ghost condensate

Cheung, et al. (2008) Horava, et al. (2009) Arkani-Hamed, et al. (2004)




XG 3 (eXtended Galileon with 3-space covariance)

proposed by Xian Gao o

B O functions in GLPV ... "'minimal” extension

B 28 terms out of infinitely many possible combinations in XG3

B () L contains derivatives of order 2 or less when going
back to covariant form.

' 2
X RO, (DRG)) .

B (i) # of 2nd-order derivative operators does not exceed 3
when going back to covariant form.

— X (&' (RY) .
B [he Lagrangian:

e [ao(t,N)jLalR(s)Jr...}KjL {a23§§>+a63(3>3§?>+...}quj

+-~+01K3+02KK7;3-K27—|—~--—|—d0—|—d1R(3)+-~



Healthy scalar-tensor theories

G2(¢7 X)? G3(¢7X)a
G4(¢7X)7 G5(¢7X)

GR + k-essence
1 function P(¢, X)

2nd-order in time & space

2nd-order in time, but higher-order in space




Quadratic Lagrangian in XG3

. New term in
orndeski
’ = = XG3, Horava
a> [ © 9 ST 2 d3 2 2-
5 — g gThz'j =5 (8khm) 4 2@(8 hz])

Gt := 2by
.IT"T = 2d1 —+ dQ -+ HCL2

Modified dispersion relation
w? = cikz2 Lo ci — Fr /Gy € 1= —2H2d3/QT
Analytic solution for de Sitter, constant coefficients — Ashoorioon et al. (2011)

- ﬁexp(—ﬂc%/Se)W (zci 3
a \/—gT€k277 4de : 47

hk i€k2772) V. Whittaker n.



Cubic Lagrangian in XG3

|—> GLPV, Horndeski

e 1
= ggh?] | 40:1; (hikhjl = §hz]hkl> hz’j,kl
Lo
dr (s, )0 - d?’@Qh.. lh hii x4+ hi: X “88h”- :‘
B ol ?




Non-Gaussian amplitude

B Decompose h;; in a helicity basis:
Z & (k)e!? (k & = bt +ih
B [n-in formalism  Maldacena (2003)

(&7 (k1)67 (k2)&™ (k3)) = —i/ dt’([€7 (k1)&°* (k2)€™ (ks3), Hing(t')])

D2
(€77 (k1)€%% (ka)€%% (k3)) = (2m)"6(ky + ko + k3) k3k§k3 515253




R L o 1 ,
e - + P(¢, X) I::> A %Bhf’] o 472 (hz’khjl = §hijhkl> Puijiki
AL P
AT = AlGR)
S |

Ki =k +ky+ ks
KQ = kle i kgkg s k’3]€1
K3 = klkgkg




. Tensor non-Gaussianity in
Horndeski and GLPV

o Tr 1
= 5t g (o - §hm

' : 3 ~J 3
""d,-?".- 4 2 b6 . . : K’L] (VMVVQb) C £5
dr

d3 1 «“ Y
_—(82]17;]-)3 S 982]%]- [2hik’lhﬂ’k B hij XSO ]

Only 2 independent terms
Aoy Nkalks kalky) (kalke)™ (Kalke)

r----------_-"/ .10
e ji2es L A 8233\

Equilateral Squeezed \ :
v 05
Independent of functions, qu’.’ateff'—‘!’;o
same amplitude in all theories P - ’is””ﬁ |




. Tensor non-Gaussianity in XG3

B [cechnical Issue: mode function, not Hankel but VWhittaker. . .

B |ntegration of (Whittaker)® cannot be performed analytically. ..
=>» Assume modification to the dispersion relation is small

2
A818283 L A313233 _|_ 6513253
(0) cy
“d3 terms are assumed to be small Ashoorioon et al. (2011)
for similar calculations of {{¢C)
3 = o
L= |gri, - T2 w2 + 25 0%
L F 1
g gghfz ZEL:% (hikhﬂ §hz]hkzl) hz] kl
ar 2 2 b6 ] 2
= 8&4 hzk8 h]ka hz] "égg‘hzkhkja h’h? |
d 1
8@76 (thzg)?) + a—382hz‘j [§hik,lhjl,k -+ hij X “(‘9(‘9h”]



Tensor non-Gaussianity in XG3

L C F 1
e ghfj 4—;; (hikhjl hzghkl) it
L e
 narelErrlagl e
d d
~ 87:6@%@)3 a_ith” [—hik,lhﬂ,k + hij X “O0R”

- Horava gravity

Equilateral

Huang, et al. (2013)

91(*;;)(1 alky kalky) (kalk)™" (kalky)™" ﬂ(gg)m olky kalky) (kalky)™ (kalky)™ ?I(*J?*)U Jolky Kalkq) (kotky) ™" (katky)™
7 - :

10 1.0




. Squeezed NG in XG3

B Only 2 terms generate squeezed non-Gaussianity

R R

Loviticy LT .1.
S5 hij =+ 4a2 (hmhj L5l hkl) el
= @hika2hjka2hij _é"gz'hikhkjthij
; e o

Small correction l
(U nd Gl Ol aSSUIER DTI Oﬂ) C(ﬁ;)m,szm Kalky) (kalky) ™ @m e

Independent of functions,

same amplitude in all theories, \ 1
$15283 f?%' N | ﬂ
(GR) . Squeezed

— —



. Summary

B Only 2 independent cubic terms in Horndeski and GLFPV,
one peaks at squeezed shape (=GR) and the other at
equilateral shape

B 4 newterms in XG3

B One is related to modified dispersion relation; this is
assumed to be small in this work (due to technical reason)

B [he other 3 give equilateral non-Gaussianity

§158283 .,

B Squeezed non-Gaussianity ~ A(GR) ,
iIndependent of functions in the Lagrangian, same
amplitude for all theories



