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» Modified Gravity: review and progress, our work

= Our setup

m Cosmological perturbations

= Matter bispectrum in MG with Vainshtein screening
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MODIFIED GRAVITY:
REVIEW & PROGRESS,
AND OUR WORK
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Simplest candidate of DE

» Simplest candidate: Cosmological Constant A

Cr o M_Z(TW — 2K

P

s Cosmological background:

; Ht
accelerationsol. a xe " " w=—1

3M4H? = A | |
pl “de Sitter solution”

wae = —1.00700: (WCDM model)
DES collaboration (1708)
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Weinberg (1989) cf) Martin (2012),
C. C. problem

» General Relativity (classical field theory of metric)

cosmological constant & vacuum expectation value

1 d3k
AN G o k2 25
e = 5 | Tz VIR

— Al

Observation: Qa9 ~ 0.7 not consistent

= We need anthropic principle? cf) string landscape




Weinberg (1989) cf) Martin (2012),
C. C. problem




Dark energy scenarios

= Exotic matter (so-called dark energy)

Quitessence, k-essence int. between SM? relation to UV physics?

V(p) oc1/9"
s Modified Gravity cf) Lovelock theorem (1971)

~ extra degree of freedom ex) Scalar-Tensor theory

v Cosmological scale: late-time acceleration, structure formation

v Small scale: satisfying test of gravity ~ Perihelion motion of Mercury,

: ; Shapiro time delay
"Screening mechanism”

5/34




Frame transformation

= ex) f(R) gravity

equivalent !

\4

(Einstein) S™ = /d4x\/jg +Sm[z4(¢)29um¢]

Extra d.o.f. couples to matter in most MG models.




Screening mechanism

= Static spherically symm. + weak field

1

L= —52"(,06,000)V,,6V,6 — V(9) + B(@)T

Large kinetic term Z"¥  Lagre mass V (¢) Small coupling 3(¢)

- Kamouflage (1st-order deri.) * Chameleon * Symmetron
—mr

* Vainshtein (2nd order deri.) b € - Dilaton




Screening mechanism

= Static spherically symm. + weak field

1

L= —52"(,06,000)V,,6V,6 — V(9) + B(@)T

v Suppression during early universe

Large kinetic term Z"”
Chow, Khoury (2009)

- Kamouflage (1st-order deri.)

v Appearance at EFT
* Vainshtein (2nd order deri.) ex) Massive gravity




Vainshtein mechanism

Vainshtein (1972)

= ex) Cubic Galileon, DGP

i e :
(Einstein) L, = ™ (890)24‘56(890)2 p| — ol

2nd order, non-linear

2
SSS, weak field = (8Tgp)+r2 (ar(’0> =

C

T (A




Vainshtein mechanism

Vainshtein (1972)

= ex) Cubic Galileon, DGP
1 B 2

(Einstein) Lo, = 16702 1‘|‘% ¥ (890)2_90T

2nd order, non-linear

2
SSS, weak field = (8Tgp)+r2 (ar(’0> =

C
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Vainshtein mechanism

Vainshtein (1972)

= ex) Cubic Galileon, DGP

¢
Mpl\/l - 7“3

(Einstein) L, ~ —%(0(/5)2

2
SSS, weak field = (8rgp)+r2 (ar(’0> =

C

T (A




Vainshtein mechanism

Vainshtein (1972)

= ex) Cubic Galileon, DGP

¢
Mpl\/l - 7“3

(Einstein) L, ~ —%(0(/5)2

C

T (A

$SS, weak field = (fW +,r2(ar90

~Vainshtein radius —~

Orp ~
i ry = (Tgrg)l/g

N\ J

Orp ~
© S R T E e o

suppress!
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Horndeski theory ="

= Ga(@, X) — Ga(9, X) o
+ Ga(¢, X)R + Gax [(O6)% — ¢2, ]
+ Gs(d, X)GH B, — X [(O6)° ~ 3(09)2, + 265,
(Vud = 0u, ViV = dpy, ¢, = Lo )

i
VT

v Most general ST theory with 2nd order EoM (no Ostrogradski ghost)

v Vainshtein screening

v Propagation speed of graviton changes from that of photon




Horndeski theory ="

= Ga2(9, X) — G3(¢, X)Uop
+ Ga(d, X)R + Gux [(09)2 — ¢2,]

i
VT

( v,u¢ 75 Qb,ua V,/VMQb . §b,uua Qb'uu 5 D¢ )

v Most general ST theory with 2nd order EoM (no Ostrogradski ghost)

v Vainshtein screening = &5  Kimura+ (2011), Koyama+ (2013)

v Propagation speed of graviton changes from that of photon




Horndeski theory ="

= Ga(¢, X) — G3(¢, X) much constrained?

i
VT

+ Ga(¢, V)R

( v,u¢ 75 Qb,ua V,/VMQb . §b,uua Qb'uu 5 D¢ )

v Most general ST theory with 2nd order EoM (no Ostrogradski ghost)

v Vainshtein screening = &5  Kimura+ (2011), Koyama+ (2013)

v Propagation speed of graviton changes from that of photon

= e G T 087
ekl (GW170817) o




Recent progress & our work

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

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

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

v Models with (80¢)* and cr = 1

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

non-linear int. Kobayashi+ (2015), Langlois+ (2017), ...




Recent progress & our work

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

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

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

v Models with (09¢)? and cr =1

v Partially breaking of Vainshtein screening inside matter (9 > 1)
non-linear int. Kobayashi+ (2015), Langlois+ (2017), ...
~Our aim ™~

How much is the effect of non-linear int. at “cosmological scale” ?
0 <1

Matter bispectrum, beyond Horndeski
cf) f(R), DGP Koyama+ (2009), Horndeski Takushima+ (2013)
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OUR SETUP



Degenerate theory :=are

= Higher derivatives (more than 2nd order)

v Ostrogradski ghost ... extra d.o.f due to higher derivatives

v degeneracy condition ... evading Ostrogradski ghost

e

Non-trivially degenerate: beyond Horndeski (GLPV, DHOST)

Trivially degenerate: Horndeski




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

= Ga(#, X) = Gs(¢, X)06 + Ga(¢, X) R+ Cl3"" 60

ClY" Buvbpo = ar($, X)dpa, + az($, X)(O6)*+a3(¢, X)0d(¢ ¢ ")
t+aa(d, X)oH o 6"" ¢ + as(d, X)(¢" dpun )’

1 non-trivial
(X ==5(Ve)* by = V0,06 = V20,6 = V., V6 ) R
non-linear ints.

v includes Horndeski and GLPV at Lagrangian level

Horndeski: a1 = —as = —Gux, az=a4 = a5 =0
GLPV:

v degeneracy condition = the relation between arbitrary funcs. (G4, C(2))
12/34




Our setup

= stable cosmological solution: class | gD de Rham & Matas (2016)

SCI&SSI[§7 ¢] +Sm[§7w] 4 & SH[Q? ¢] —l_Sm[g?w]
g/ﬂ/ =, Q(¢7 X)g,ul/ + F(¢7X)¢M¢I/

conformal/ disformal coupling to matter

s ¢ = 1(all eras)

(D viable Vainshtein solutions could not exist?

Horndeski X Kimura et al. (2011)

@ the speed of GWs directly depends on
BG dynamics




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

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

M2
Sl == / diz /v —— | K2+ AR + H2ag6N? + 4Hagd KON

+ (14 ag)R®6N + (1—ap)6NSK, + 410KV + V2 + Bsa?

w

. T .
Kl G N = ~ (N = N'O,N), a; := ,;N/N depend on
through degeneracy cond.

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

o time evolution of M

& : disformal coupling to matter = GLPV

B : conformal & disformal coupling to matter = DHOST




Cosmological models

QH B

ANCDM

Quintessence
KGB, cubic Galileon

f(R)

Generalized Brans-Dicke

Horndeski after GW

GLPV

DHOST




Cosmological models

with Vainshtein screening o | B
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Cosmological models

with Vainshtein screening o | B

KGB, cubic Galileon

Horndeski after GW

GLPV

DHOST




Viable cosmology ..

= Early time Inflation primordial fluc. ~ Gaussian

m Late time CMB phOtOﬂ (|SVV)

matter density fluc.,
structure formation

late-time acceleration




Viable cosmology ..

= Early time Inflation primordial fluc. ~ Gaussian

% We do not consider early DE scenario
quintessential inflation.

m Late time

matter density fluc.,
structure formation

e-time acceleration

MG affects here




Viable conditions .20

= Early time M?3 /2 (GR)
M? = 2G4 := O(M3), (a;,51) < 1
= 3M°’H? ~ Pm; Pm > P¢ , cosmological Vainshtein

= Late time (after MD)

é ~ My1, ¢ ~ MpHo, ¢ ~ My Hg,
GQ 2 M§1H87 G3 = Mp17 G4 ) M}?l’ 2.
= 3M°H*(1 — ag —3B1) = ps > pm, o = O(1), B1 = O(1)
Vainshtein screening around matter, its breaking inside matter

17/34




DENSITY
FLUCTUATIONS

Hirano+ in prep.



Cosmological perturbations

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

Q=Hr/¢

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

= Quasi-static approximation (QSA) « ansatz

€| = |He|, e=¥,9,Q

[P RAUT < K202, K2 0%, K2 Q°
Note: 0 £ a; <1 = H?¢? ~ a;k°€? In this work

ch) 1R)  Get = Gegr (K, ) a; ~ a; = O(1)
Koyama, Hiramatsu, Taruya (2009) 18/34




Evolution of density fluctuations

» Perturbative expansion: €=¢; + €2, e=V, P, Q),0

m EoMs: oV, 0P,0Q)Q = Pq1,D5

T include the effect of modifie

06(t, x)
ot
ou’
ot

= Fluid equations:

continuity/ Eular

(usual forms)

= evolution equation of density contrast




Effective Lagrangian

n Effective Lagrangian: variation = EoM

Sub-horizon (aH < k) , late time, QSA,voz,,;, Gee— (1

M2
= (1@ + T + c30)V2Q 4 c,UV2D + s UV + c50V2D

Vo9 Qe b o
C7E—|—C8E+C9ﬁ>vcz — a” pr PO

f z
a? H?

(_%(VQ)2) VIQ + =502 [(V2Q)" — (ViV,Q)°]

Vil

]

1 H
s <b4V\IJ+b5V<I>+b6—VQ+b6
a? H?

)vjczvivj@

Green: GLPV, Red: DHOST b,¢c D «;, 81




EoMs of gravitational fields

(00)

v 82 ; 2 B
GrO*W¥ + A0°Q— A0’ ® + AS—Q = a—Pm5 = "0, + azB[—5[2

H 2P " (9:0,Q)° + 0,Q0'°Q

(0%)
- 02, B B .
Fro*WU — Gro*® — A10°Q + A4TQ = M;p @kt azfp (0;0;Q)% + 0;Q0"0°Q)]

OGSO = EH20) 92Q
2 2 2
(5Q) AOa Q (@ Ala v — AZa (I)_ALLT‘I‘AS? - A9? = Agﬁ
B Y,
e 5 (0°20°Q — ,0,90'0°Q)
. B '

(PW0°Q + 0,Q0'0°T) + —-— (0°00°Q + 8:Q0'0*®)

(0:0;Q)* + 0:Q0°0*Q)]
1

(626282@ +20;,Q0°0%Q + 20;,0,Q0' ¥’ Q + 8i62628i@)




EoMs of gravitational fields

m linear level, GR §p = Fp =

(0®) Poisson equation

CL2

Gro*v " ?Pm(S = ()

(0W) trace component of Einstein tensor

(0Q) 6Q =0




EoMs of gravitational fields

» linear level, Horndeski

contribution of scalar field
(5(13) /
CL2

QT82\I! S0 A282Q — ?pmé = O

(6W) /_\ anisotropic stress

Fro*U — Gro*® — A,0°Q -0

(0Q) A0d°Q — A19°T — A5°®

= increase of gravitational constant




EoMs of gravitational fields

= linear level, beyond Horndeski

(00)

~ 2 ;
GrO° U + A0%°Q—As0°D + AgﬁfQ a

(07)
02Q)

Fro®¥ — Gro*® — 4,6°Q + A4F =

02\ 02 d L <20 52C
(6Q) A062Q e Alaij = A282®—A47+A8T = AgTQ — Ag[—[—?

= increase of gravitational constant,

additional friction term




ks: Kob hi+ (2015),
1 St-order SOIUtIon F[))reAVrlnochJcs)J\:VOZrO?7 OC:IZ:;’EI;LW & Koyama (2017)

51 + (2 + §)H51 — 4G pmO1 = 0

V Geg(t): G (GR), G — G (Horndeski, beyond Horndeski)
¢(t) < amg,B1: 0 (GR, Horndeski), 0 — ¢ (beyond Horndeski)

v growing mode: §;(p,t) = D4 ()51 (p)
D, (t) : growth factor, dr(p) : initial density fluc.

v change in the growth of density fluctuation due to ¢

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

v studying the linear evolution on typical BG sols. beyond H.

Hirano, Kobayashi, Yamauchi, Yokoyama, on going




EoMs of gravitational fields

= non-linear level, GR G, = 7y =

(0®) Poisson equation

CL2

Gro*vU —r it remains usual form

(0W) trace component of Einstein tensor

Frd*U — Gro*® E) remains usual form

(0Q) 6Q =0

= Only non-linearity from fluid equations




EoMs of gravitational fields

= non-linear, Horndeski 0, = (8%Q)? — (8,9,Q)?
(09)

Gro*W + Ay0%Q

(00)
Fro*U — Gro*® — A,0°Q

(0Q) A0d°Q — A19°T — A5°®

By B>
= Qs + 22

== (0°®9°Q — 8;0;90' Q)

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

(quasi non-linear regime)




Horndeski: Takushima+ (2013)

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

Hirano+ in prep. 5
= . <D
02 + (24 <)Hd2 — AmGegpmd2 = S

Primordial fluc. : Gaussian = inhomogeneous sol.

= 02(p,t) = D) [k(E)Wa(p) + X)W, (P)]

1

W?J (p) e (27’(’)3

/ dPk1d%ks 63 (ky + ko — p)E(k1 - ko)1 (k1)1 (ko)

(k1 - k2)(kf + K3)
2k k2

(k1 - k2)?
kiks

/Z:: CV,/V 1 &(khkz):l—'_ / W(klakQ):l_

A(t) : 1(GR), 1— Xy # 1 (Horndeski, beyond Horndeski)
New! x(t) D am,B1: 1(GR, Horndeski), 1 — kg # 1 (beyond Horndeski)
28/34




MATTER BISPECTRUM
IN MG WITH VAINSHTEIN
SCREENING

Takushima+ (2013, 2015)
Hirano+ (2018)



Matter bispectrum ;i

m Correlation function

(6(t, k1)0(t, k2)d(t, k3)) := (2m)°8(k1 + ko + k3)B(t, k1, ko, k3)

= Leading order (tree-level)

B(t, k1, ko, k3) = 2D Fs(t, k1, ko) P11 (k1) P11(k2) + 2 cyclic terms

2
Kernel Fg(t, kl, kg) — /i(t)()z(kl, kg) pe ?)\(t)’}/(kl, kz)

P11 (k) : initial power spectrum k e J
Qs y




Matter bispectrum ;i

= Reduced bispectrum

B(t, kl) k27 kg)
t, k1, ko, k3) =
Q123(t, k1, k2, ks3) Di(t)[Pn(kl)Pll(kQ) + 2 cyclic terms]

S does not depend on matter growth D

vV ki t+tko+kys =0 = ki = (0,0,k1), ko = (O; ko sin 012, k2 COSHlZ),

/\ kg = (O, —kg sin 912, —kl 7T k2 COS ‘912)

<

v We give k, A atz = 0 instead of solving the evolution of these.

We estimate matter bispectrum and plot the case of
kl — k2 — OOlh/MpC and kl — 5]62 = OO5h/MpC

(cosmological parameters: Planck 2015)




Horndeski: Takushima+ (2013)

k‘dependence beyond H.: Hirano+ (2018)

k’l — kQ — OOlh/MpC kl — 5k2 — OO5h/MpC

Eoe —l:
(Horndeski)

e}

g )
(beyond H.)




Horndeski: Takushima+ (2013)

k‘dependence beyond H.: Hirano+ (2018)

k’l — kQ — OOlh/MpC kl — 5k2 — OO5h/MpC

Eoe —l:
(Horndeski)

e}

g )
(beyond H.)




Horndeski: Takushima+ (2013)

k‘dependence beyond H.: Hirano+ (2018)

k’l — kQ — OOlh/MpC kl — 5k2 — OO5h/MpC

Eoe —l:
(Horndeski)

e}

08L o

A=1 0]

(beyond H.; 0-42

0.2

0.0




Screening in Power spectrum

= 1 loop power spectrum  Takushima+ (2015)
KGB (n—o00: A-CDM)

: ?
Pss KG/ Ps s ncon Prorc ypemw Screening effect *
1.02

1.00

0.98 0.90 |
’ ' n=2

085! n=1
0.96 n=

. . . | 0.80! | | | |
00I 002 005 010 020 050 001 002 005 010 020

k(hMpC-l) k(hMpC-l)
A
2fH

~ depending on time-derivative of A\,\g = A A




Matter bispectrum in RSD

1
DM = galaxy: 59(0,, .’L‘) = blé(a7 a’;) -+ 5[)262(&7 33) + ...

d3k1dPky
(2m)°

Zi(k:;a) = by + fu?, f- kernel of 65

b 21412
Za(ks, ki 0) = bFy(, ko) + F1ida Gl ko) + o2 + T2 12 4y
2

0(k1 + k2 — k)Za(k1, ka;a)dr(k1)dr (k) + - -

52 (a, k) = Dy Zy (k; a)6y, (k) + D2 /

pw==k 2/k pi=k 3k, ki=\|ki| [i=1,2,12(= k1 + k)]

Gl o, haleEen (o s éxg(m(kl, ko)

Time-derivatives of k and A changes RSD bispectrum largely?
33/34




SUMMARY




Summary

= \We discuss beyond Horndeski on matter density fluctuations

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

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

(cosmological scale) Matter bispectrum, ...

= Cosmological perturbations

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

k-dependence ... tolded shape (beyond Horndeski)
<Future direction>
- studying the linear evolution on typical BG sols. beyond Horndeski
- typical behavior of k and A beyond Horndeski?
= Qm(a)77 A Qm(a)g, R = Qm(&)w Hirano+ in preparation 34/34
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lsw effGCt in MG cf) Kimura+ (2011), D'amico (2017)

ex) Einstein-Hilbelt + am
D'amico (2017)

TISW Z %
T ( _/0 dz{0,P(xz,n) + 0,¥(xz,n)}

dln (® + )
dlna

= f — 1_3@H+O(Q?b)

)
N

—
‘

]

< \
g

e 4)',“.:0.06 (YH“=O.24

E— (I'H‘()=0.12 (YH“=0.48
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ISW effect beyond Horndeki ««imue+ cor

G 0 0
% ) (Mcb—l + vp— + FécI>51>

2 2 0 0
- ) (M\IJ_1+V\I;—1—|—I€\I;51>

H? H

k2 H? H

CNDIFREH D

Friedmann eq. EDENTEH

4 {/ﬁ}\p + §% 1) — (200 — vo) + (pe + 1)§]f} a®H?6;

2 2 Geos

S gggf QOma’H?61(a, k) (cubic Galileon, K& = kv Z D10)

EEIED & D T Tlensing potential DIFENNZ 5115,  DAmico+ (2017)

27/32




Ostrogradski ghost -« wces

» Ostrogradski ghost  Ostrogradski (1850)
4th order

L = L(q,4, ) /

Ol =d OB Td L

= :O
2 oo
dg  dt O X
£ 0

=q,Q2:=q¢,PA=---,P,="--- physical dof 2

= Eular-Lagrange eq.

H = Pi()s +--- linear dependence of momentum

- Hamiltonian unbounded from below (& negative kinetic energy)
- 4th-order equation = extra dof = Ostrogradski ghost
4/22




Ostrogradski ghost e

» Ostrogradski ghost  Ostrogradski (1850)

L =1L(q,q,q)

oL
dq

= Eular-Lagrange eq.

Q1:=q,Q2:=q 6 P =

H = Pi()s +--- linear dependence of momentum

- Hamiltonian unbounded from below (& negative kinetic energy)
- 4th-order equation = extra dof = Ostrogradski ghost
4/22




Degenerate theO ry of) Langlois, Noui (2015,2016)

» Degeneracy condition (in the system of multiple dof)

k

15 =)
2

¢° + 576’0 ¢° + 57%'61 ¢ +b;oq" + cipq" — V (9, q)

o(t),q'(t)(i=1,2,3) , a,ko,kij,b;,c; = const.
1 + 3 dof




Degenerate theO ry of) Langlois, Noui (2015,2016)

» Degeneracy condition (in the system of multiple dof)

1

L =—-a
2

Q" + %kijqiqj +0:Q4" +eiQd’ + %ko Q* = V($.0) = NQ - 9)

\ : Lagrange multiplier, ¢ — Q

EL eq. aQ + bid*|= ci* + koQ — A

= . . e LA and ¢=Q, A= ———
b;Q + ki;q'| = —c;Q) 9 0

- invertible kinetic matrix = 4 + 1




Degenerate theO ry of) Langlois, Noui (2015,2016)

» Degeneracy condition (in the system of multiple dof)

1

L =—-a
2

Q" + %kijqiqj +0:Q4" +eiQd’ + %ko Q* = V($.0) = NQ - 9)

\ : Lagrange multiplier, ¢ — Q

EL eq. aQ + bid*|= ci* + koQ — A

= . . e LA and ¢=Q, A= ———
b;Q + ki;q'| = —c;Q) 9 0

Degeneracy condition: determinant of this matrix is zero

a

2 & detk-[a—bbj(k~1)¥] =0
J

|
0

detM:O,MZ{

5/22




Degenerate theory oo

s Degeneracy condition (in scalar-tensor theory)
X =~ (V6,6 = Vu$, 06 = V26,61 = V, V0

Sio.g) = [ /=g [Ga(6,X) ~ Gal6, )06 + G0 XOR + Clg? by




Degenerate theory oo

s Degeneracy condition (in scalar-tensor theory)
X =~ (V6,6 = V06 = V76, 8y = V. V6

S[¢7 g] — /d4x\/jg [G2(¢7 X) ol GS(QS) X)I:’¢ T G4(¢7 X)R o0 Célgpagbﬂvqbpa]
S — /d4a:\/—g {G4(¢,X)R - C’é’;pgqﬁw¢pa}

Lyin = A(¢, X, A)A% + 2BY (¢, X, A)AK;; + K% (¢, X, A) K Ky,

extrinsic curvature O hij




Degenerate theory oo

= Degeneracy condition (in scalar-tensor theory)

Lyin = A(¢, X, A)A% + 2BY (¢, X, A)AK;; + K% (¢, X, A) K Ky,

O A e R A e B i

Degeneracy condition: A — BijBkl(lC_l)ijkl =)

A0 35 S =0FHormaesKI*s e AT=—=0y 55 =% GIEPY

. A#O, Bz-j#() : DHOST 4/

Non-trivial models !
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