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Introduction

» Modified gravity: alternative to cosmological constant

+ Cosmological scale: late-time acceleration

+ Small scale: recovering the result of gravitational test

= screening mechanism

= Horndeski theory  Horndeski (1972), Kobayashi+ (2011), Deffaiyet+ (2011)

* Most general scalar-tensor theory with 2nd-order EoMs

* Vainshtein screening thanks to 2nd-order derivative non-linear ints.

- GW170817, GRB170817A: |cr — 1| < 1071°  Abbott+ (2017)
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Recent progress & our work

= Beyond Horndeski (higher-order EoMs, no Ostrogradski ghost)

GLPV theory Gleyzes+ (2014), Gleyzes+ (2015)

DHOST theory Langlois & Noui (2015), Achour+ (2016), Achour+ (2016)

v Models with (80¢)* and cr = 1

v Partial breaking of Vainshtein screening inside matter (6 > 1)

non-linear int. Kobayashi+ (2015), Langlois+ (2017), ...
~Our aim =
How much is the effect of non-linear ints. at “cosmological scale” ?
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OUR SETUP



Langlois, Noui (2015,2016),
qua ratlc Koyama+ (2016), de Rham, Matas (2016)

= Ga(¢, X) — G3(¢, X)O¢ + Ga(, X)R + Cl5" $pu b po

Cl?” B bpr = a1($ X) B, + a2(, X)(O6) +as (9, X)Op(# ¢ 8")
t+aa (¢, X)9H G " dp + a5 (9, X) (9" $uvd”)?

(X == —%(qu)Q,qu == v’ugb, ng — V2¢7 ¢,Lu/ e vyvu¢ ) ﬂOﬂ-“near iﬂtS,

m includes Horndeski and GLPV at Lagrangian level

Herndeski: ay = "ay'==Gixi a3 ="as=.azi= 0 GLPV: "=

» The non-trivial relation between arbitrary func. (G4, 0(2))

in order to evade Ostragradski ghost «+ “degeneracy conditions”
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Viable DHOST after GW170817

Degenerate Scalar-Tensor theory

e DHOST ~

Horndeski (2nd-order EoMs) class | class I, Il

quintessence, f(R), KGB (higher-order EoMs)

Covariant Galileon, ...

GLPV

stable cosmological sol. de Rham & Matas (2016)

N\

mimetic gravity, extended mimetic gravity
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Viable DHOST after GW170817

Degenerate Scalar-Tensor theory

e DHOST ~

Horndeski (2nd-order EoMs) class | class I, Il

quintessence, f(R), KGB (higher-order EoMs)

4 ™
Target

Covariant

cr = 1
GLPV 1
GW180817,

GRB 180817
- _J

stable cosmological sol. de Rham & Matas (2016)

N\

mimetic gravity, extended mimetic gravity




Bellini & Sawicki (2014), Gleyzes et al. (2015)

Pa rametrlzatlon Langlois+ (2017), Dima & Vernizzi (2017)

M2
Gfr= / d*z k| R AR + H2a6N? + 4Hagd KON

+ (1 + am)R®EN + (1—apg)SNSKs + 481KV + B2V2 + B3a?

w

. J .
Ko e = ~ (N — N'O,N), a; := 0,N/N depend on
through degeneracy cond.

= alpha-parameters
ok : kineticity ... non-standard kinetic terms
ap: braiding ... kinetic mixing between scalar and metric

a s time evolution of M

&g : disformal coupling to matter = GLPV

B : conformal & disformal coupling to matter = DHOST




Viable conditions .75

= Early time M2 /2 (GR)

s O(Mgl), e

= 3M2H2 ~ Om, Pm > P¢ * we do not consider quintessential inflation
and early dark energy scenarios.

= Late time (after MD)
¢ X Mpb ¢ = Mle()a QS 2> Mlega
G2NM§1H87 G3NMp1’ G4NM§1, o o o
= BUYEISI o e S o e Ol T OIGE
Vainshtein screening around matter, its breaking inside matter
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COSMOLOGICAL
PERTURBATIONS




Cosmological perturbations

Sub-horizon (aH < k), late time (after MD)

Q=Hr/¢

= perturbations
ds® = —(1 +2®)dt* £ a*(t)(1 — 2W)dz>.
o(t, ) = ¢(t) + 7 (t, @), p(t,x) = p(t)[1 + o(t, @)].

= Quasi-static approximation (QSA)

H
ksh::a <k = |é=|Hel, e=V,9 0

Cs
92 J10P < K02, K292, k2Q

~

Note: 0#£ a; €1 = H?e? ~ a,k*e? Kln this work

) fR)  Geg = Gegr (K, t) 5 Q; ~ Q= O(l)J




Evolution of density fluctuations

1. Perturbative expansion: € =¢€; + €3, e =V, P, (), 0

2. EoMs: 5@,5@,5@ = (I)l,q)z

T include the effect of modifie

00(t, x)

continuity/ Eular 9 (?t . |
(usual forms) 5 Hu afuﬂ@ju = —58 d(t, x)

3. Fluid equations:

+ 2&;[(1 + )ul(t, ®)] = 0

= One obtain the evolution equation of density contrast
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EoMs of gravitational fields

Green: GLPV, Red: DHOST A, B D «;, 01

(00)

: O2%( ‘ B B
GriPW + Apd? Q- A5’ + 402 — L pni = — 00t

H 9 202 H 2 [(azan)z 2 61626282@}

(0P)
- 02 B B .
FroPU — Gro®® — A,0°Q + A4?Q = Qo+ s [(0:0,Q)° + 2:Q0GPQ)

020 o2 d AR 520
(0Q) 405°Q — 410°¥ — 4,04, " 744,07 — 4,07 — 4,72
BO BQ

= Qo + 22 (0°®0*Q — 9;0;90' ¥ Q)

- a2H?2
Bi 520820 + 8.09620 Bs 920820 + 6.00°9%@
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EoMs of gravitational fields

m |linear level, GR G = Fr =

(0®) Poisson equation

0,2

Gro° v " 7Pm5 =

(0W) trace component of Einstein tensor

Fro*VU — Gro*® )

(0Q) 0Q =0




EoMs of gravitational fields

» linear level, Horndeski

(00)

contribution of scalar field

2

Gro*W + A,0°Q

(0W) /—\ as anisotropic stress

Frd®U — Grd*d — A10°Q = 0

(0Q) Apd*Q — A19°¥ — A,0°®

= increase of gravitational constant




EoMs of gravitational fields

= linear level, beyond Horndeski . Green: GLPV, Red: DHOST

(00)

~ 2 .
Gro° U + A;0%Q—Ag0°D + Aga?Q Ca

(0V)
92Q)

Fro®¥ — Gro®® — A;10°Q + A47 =S

({92\11 82(1) - O? 52
(5Q) ApD?Q — A10%T — 14282<I>—A4T+AS7 = AgﬁQ A A9H—§

= increase of gravitational constant,

additional friction term




Kobayashi+ (2015), D’Amico+ (2017),

1st-order solution ..o

5:1 S (2 = g)Hgl 55 477Geff;0m51 =0

" Geg(t): G (GR), G — G (Horndeski, beyond Horndeski)
s(t) x amg,B1: 0 (GR, Horndeski), 0 — ¢ (beyond Horndeski)

" growing mode: §1(p,t) = Dy (t)dr(p)

D, (t) : growth factor, 0. (p): initial density fluc.

» change in the growth of density fluctuation due to ¢

cf.) improvement of fog  Tsujikawa (2015), D’Amico+ (2017)




EoMs of gravitational fields

m non-linear level, GR G, = Fr =
(0®) Poisson equation
Gro*¥ remains usual form

(0W) trace component of Einstein tensor

Fro*VU — Gro*® Ay (0 remains usual form

(0Q) Q=0

= Non-linearity only derives from fluid equations




EoMs of gravitational fields

= non-linear, Horndeski Q, = (82Q)% — (8:0,Q)*
(02)

Gro*W + A,0°Q

(0W)
Frd®U — Grd*d — A10°Q

(0Q) Apd*Q — A19°¥ — A,0°®

i By
= Qo + 3772

== = (0°®9°Q — 0,0,90'’ Q)

additional non-linearity from scalar field
= novel probe of modified gravity !

(at a quasi non-linear regime)




Horndeski: Takushima+ (2013)

an-order SO|UtiOn GLPV: Hirano+ (2018)

DHOST: Hirano+ in prep.

3 . < S e
09 + (2 =T §)H52 = 47TGeff/0m52 = Hin ) :

Primordial fluc. : Gaussian = inhomogeneous sol.

=~ 03(p,t) = D3 (t)[k(t)Wa(p) + A(t)Wy ()]

1

/ Bhk1d3ky 63 (ky + ko — p)E (K1 - k2)dr(k1)0r (ko)

(k1 - k2) (kT + k3)
VT :

(k1 - ky)?

E=ua,y , ak,k)=1+ k2

’7(k17k2) =1-

A(t) : 1(GR), 1— Xy #1 (Horndeski, beyond Horndeski)

New! k(t) D amg,B1: 1(GR, Horndeski), 1 — kg # 1 (beyond Horndeski)
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MATTER BISPECTRUM
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Hirano+ (2018), Hirano+ in prep.



Matter bispectrum ;i

m Correlation function

<5(t, kl)é(t, k2)5(t, k3)> . (271')35(’61 7 kg S E kg)B(t, kl, k‘,g, kg)

= Leading order (tree-level)

B(t, k1, ko, k3) = 2D Fs(t, k1, ko) P11 (k1) P11 (k) + 2 cyclic terms

2
Kernel FQ(t, kl, kz) — I{(t)a(kl, kg) - ?)\(t)’}/(kl, k2)

P11 (k) : initial power spectrum k os J
Qs v




Matter bispectrum ;i

= Reduced bispectrum

B(t, kl, kQa k3)
t. k. ko. ka) =
Q123(t, k1, ko, k3) Di(t)[Pn(kl)Pll(kZ) + 2 cyclic terms]

k is sensitive to time evolution of K and A

v ki+ks+ks=0= ki =(0,0k), ks = (0,kysinb2, ks cos012),
kg = (O, —]{'2 sin (912, —k’l =3 kz COS (912)

v We estimate matter bispectrum on the given K, A (z=0)
at k1 = ko = 0.01h/Mpc and k1 = 5ka = 0.05h/Mpc..

(cosmological parameters: Planck 2015)




Horndeski: Takushima+ (2013)

k‘dependence GLPV: Hirano+ (2018)

DHOST: Hirano+ in prep.
k1 = ko = 0.01h/Mpc k1 = 5ko = 0.05h/Mpc

e !
(Horndeski)

! )
(beyond H.)




Horndeski: Takushima+ (2013)

k‘dependence GLPV: Hirano+ (2018)

DHOST: Hirano+ in prep.
k1 = ko = 0.01h/Mpc k1 = 5ko = 0.05h/Mpc

e !
(Horndeski)

0.8

A=1 o6

(beyond H.; 0-42-

0.2

0.0
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SUMMARY




Summary

= \WWe discuss beyond Horndeski on density fluctuations

at cosmological scale under some assumptions (QSA, a; ~ 1 =0(1))

= Non-linear int. ... (small scale, early universe) Vainshtein screening

(cosmological scale) Matter bispectrum, ...

= Cosmological perturbations

linear level: friction term (%)
non-linear level: new time-evolution x(t) on matter bispectrum

k-dependence ... folded shape (beyond Horndeski)
<Future direction>
* Typical value of k and A beyond Horndeski?  Hirano+ in prep.

- The effect of partial breaking on the density perturbations?
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