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Why modified gravity?



A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe

* Usual explanation:
(DARK MATTER) (DARK
ENERGY).



Dark component in the solar system?

which people tried to i

explain with a “dark y
planet”, Vulcan,



Why modified gravity?

» Can we address mysteries in the universe?

Dark energy, dark matter, inflation, big-bang singularity,
cosmic magnetic field, etc.



How to unify Quantum Theory
with General Relativity?




How to unify Quantum Theory
with General Relativity?

Pobably we nee to odify
GR at short distances



Dark energy, dark matter, inflation, big-bang
singularity, cosmic magnetic field, etc.

Help constructing a theory of quantum gravity?
Superstring, Horava-Lifshitz, etc.

One of the best ways to understand something may
be to break (modify) it and then to reconstruct it.



Three conditions for good

alternative theories of gravity
(my personal viewpoint)

1. Theoretically consistent
e.g. no ghost instability

2. Experimentally viable

solar system / table top experiments
3. Predictable

e.g. protected by symmetry
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(my personal V
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1. Theoretically consistent
e.g. no ghost instability

2. Experimentally viable
solar system / table top experiments

3. Predictable
e.g. protected by symmetry



V.

Effective field theory (EFT) approach
IR modification of gravity
motivation: dark energy/matter

Massive gravity
IR modification of gravity
motivation: “Can graviton have mass?”

Horava-Lifshitz gravity
UV modification of gravity
motivation: quantum gravity

Superstring theory
UV modification of gravity
motivation: quantum gravity, unified theory
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IR modification of gravity
motivation: dark energy/mn

Massive gravity
IR modification of gravity
motivation: “Can graviton

Horava-Lifshitz gravity

1.

N Oy A W A

Introduction

GR and Lovelock gravity
PPN formalism

EFT of scalar tensor theory
Massive gravity
Horava-Lifshitz gravity
Summary

UV modification of gravity

motivation: quantum gravity

Superstring theory
UV modification of gravity

motivation: quantum gravity, unified theory




Implication of GW170817 on
gravity theories @ late time

X =—0"¢d, ¢

* Horndeski theoy (scalar-tensor theory with 2"d-order eom):
Among 4 free functions, . Still G,(0,X) &
G5(¢,X) are free.

G5(9,X) may be constrained due to GW-DE interactions [Creminelli, Tambalo,
Vernizzi, Yingcharoenrat 2019]

* Generalized Proca theory (vector-tensor theory):
Among 6 (or more) free functions, . Still
G,(X,FY,U), G5(X), G¢(X), gs(X) are free. X = —ArA,

* Horava-Lifshitz theory (renormalizable quantum gravity):

= IR fixed point with c,,, = c,? How to speed up the RG flow?

* Ghost condensation (EFT of scalar-tensor theory in Minkowski/de Sitter):
No additional constraint

* Massive gravity (simplest modification of GR):

Much weaker than the requirement from acceleration

c.f. “All” gravity theories (including general relativity):
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GENERAL RELATIVITY AND
LOVELOCK GRAVITY



* Weak equivalence principle (WEP)

uncharged test body subsequent trajectory is
initial event in spacetime — w  independent of

initial velocity internal structure & composition
* Einstein’s equivalence principle (EEP)
1) WEP is valid
i) outcome of any local nongravitational test experiment is
Independent of the velocity of freely falling apparatus

and of the time and position in the universe
Basically saying that gravity =~ acceleration

EEP - validity of special relativity in local free-falling frame
9

This argument does not exclude existence of other metrics.



EEP (= “metricg,,)
gravity is described by the metric

L : scalar made of
up to 15t derivatives - constant only

up to 2nd derivatives = scalar made of O & Ryoo

2 3
1,R, R%, R*R 1, R*P°R )5, VFRV, R, R3, -+
scale M
L—C0M4+C1M2R+C2R2+C3RMVR +C4R vPaRuvpa

‘ truncate @ terms with two derivatives
(M3, = 2¢; M2, A = — =2 M?)

2C1

c.f. cosmological constant problem =* K 17?7




ey = "2 d*x y=g(R - 20)
5(v=9) = 3v=99""8gu (€ 8(Indetd) = §(TrInA) = Tr(A"154))
8(v=gR) = v=g{—G"' 8 gy + V¥[8, — V,(9°°89,0) |}

. M
. Olgy = Tplf d*x \[—g|—-(G* + Ag"")69,,]

Liot = Ign + Linatter
8lygiter = | d*x [@ TWég,, + (matter eom)é (matter)]

(TH = - 5Imatter)
v—9 59/11/

6li0; =0 mp



# of d.o.f. in general relativity

* 10 metric components = 20-dim phase space @
each point



 Lapse N, shift N, 3d metric h;
ds® = —N?dt® + h;;(dz" + N'dt)(dz’ + N’ dt)
* Einstein-Hilbert action
M2
I L Pl /d4 \/7(4)R
_ Ml%l
2

e Extrinsic curvature

/ dtdENVR |KT Ky — K2 + @R

K;

ij = QN(athm D;N;j — D;N;)



# of d.o.f. in general relativity

* 10 metric components = 20-dim phase space @
each point

e Einstein-Hilbert action does not contain time
derivativesof N& N' 2> 1, =0& 1, =0



# of d.o.f. in general relativity

* 10 metric components = 20-dim phase space @
each point

* Einstein-Hilbert action does not contain time
derivativesof N& N' 2> 1, =0& ;=0
All constraints are independent of N & N' 2 1, & 7.
“commute with” all constraints = 1%t-class



{S,C}=0for 3
Reduces 1 phase space dimension

* 1st-class constraint F
{F,C}=0for Vi
Reduces 2 phase space dimensions
Generates a symmetry
Equivalent to a pair of 2"%-class constraints

{C |i=1,2,..}: complete set of independent constraints

A=B 4= A=Bwhen all constraints are imposed
(weak equality)



# of d.o.f. in general relativity

* 10 metric components = 20-dim phase space @
each point

* Einstein-Hilbert action does not contain time
derivativesof N& N' 2> 1, =0& ;=0
All constraints are independent of N & N' 2 m, & 7,
“commute with” all constraints = 1%t-class

* 4 generators of 4d-diffeo: 15-class constraints

¢ 20— (4+4) x 2 =4 - 4-dim physical phase space @
each point 2

# of d.o.f. in GR = 2,
corresponding to TT gravitational waves



U N |q ueness Of G R (ref. D.Lovelock, Aquationes Mathematica 4 (1970) 127)

* Lovelock’s theorem

(i) A% is a symmetric tensor (uw,v=0,1,2,3)
(i) Ak = ARV (g, 80 o0 Bpo,ap) (++++) (valid for (-+++) as well)
(iii) Ave. =0 (;v represents covariant derivative)

| (iv) 4-dimensions

m AW =a G*Y + bg"V (a, b: constants, G*V: Einstein tensor)

* Motivation for assumptions (i)-(iii)
(i) A®¥is to be EOM for g, and thus should be symmetric.
(ii) If EOM depends on 3™ or higher derivatives of 8,, then # of d.o.f. (in

Lorentzian case) may increase.
1 61

(iii).lf ] st. ARV = \/ﬁ&guv and if I is diffeo invariant then A’“W;v = 0.
- Juv 2 YGuv T 6‘9“13'1 5guv = gu;v + fv;u,
0=206I=d* Som 89,y = —2f d*x\g &,4", forVE,

c.f. “symmetric” in (i) can be dropped (J.Math.Phys. 13, 874 (1972)) .



U N |q U e n ESS Of G R (ref. D.Lovelock, Aquationes Mathematica 4 (1970) 127)

-

What Lovelock actually proved
In n-dim. Lovelock proved theorems 1 & 2 below

(|) (|||) »A”:l— k 1 Cj, e”valaz "U4k-104k Hh 1R

— (n: even)
2
m = ,  Ck,b:const.

%(n + 1) (n:odd)

+ bgt’

A4h—1A4h—-304h—204p

grVE1dzGak-104k (k = 1,---,m — 1) : a tensor satisfying (a)-(d) below

i (a)QHV“1“2'”“4k—1“4-k — Qﬂvalaz"'“4k—1“4k(gpa)

(b) symmetricin (ij) and in (i5,_1io,) forh =1,---, 2k

(c) symmetric under interchange of the pair (uv) with the pair (a,,_1a25)
forallh =1,---, 2k

(d) the cyclic sum involving any three of the four indices (uv) (a1 a2p)
forh =1,---, 2k vanishes

(c) follows from (b)&(d)

0= QM(VOM“Z) + QV(“1“2M) — Q“1(“2LW) — Q“z(ﬂvaﬂ — l(QMV%“z — 3“10521“/)J
3



U N |q U e n ESS Of G R (ref. D.Lovelock, Aquationes Mathematica 4 (1970) 127)

D : positive integer

YyHVe1 % s a tensor with the following properties (a)’-(d)’
(@) : (a) with @ » Y, 4k — 2p
(b)’-(d)’ : (b)-(d) with 2k — p

1.2

m (n-— p)[l[)”val aZp]: g”"[qpalli’”’“l aZp]_Ethl gahv[qpalppﬂal Ap—1HAptq 0£2p]
Theorem 2 shows a way to calculate §#V*192%4k-1%k defined in Theorem 1 and
its uniqueness (up to an overall constant factor).

* Corollary 1
n=2 2> A" = bg"V (b:const.)
(proof of corollary 1)
m=1forn=2 .". corollary 1 follows from theorem 1 Q.E.D.

* Corollary 2
n=3or4 > A" = aG" + bg"V (a,b:const.)

Corollary 2 for n=4 is what is usually known as Lovelock’s theorem.



U n |q ueness Of G R (ref. D.Lovelock, Aquationes Mathematica 4 (1970) 127)

(proof of corollary 2)
*m=2 forn=3 or4

éa1a2a3a4 = gpagpaala2a3a4

‘Theorem 2 ( — 2)grverasasas _ guvorasasas _ % (galuémmm
with p=2 i i )
_|_ga21/9a1u053a4 _|_gos31.f90510:2,ua4 _|_ga41/9a1a2a3u)
W|th p:l (TL _ 1)9051020430-‘4 — ga‘10¢29~a3a4 . % (gagagéaltz‘q _|_ga4agéa3a1)

écnaz = gpaépaalag

0*1%2(g,,) is a symmetric tensor > §%1%? = ag*1 (d : const.)

[lemma A2 of D.Lovelock, Arch.Ratl.Mech.Anal. 33 (1969) 54 restricted to symmetric part]

- Q(n — 2)9#Va1a2a3a4Ra3ala2a4 — 2gHvBalo¢2&3a4Ra3ala2a4 _ pHo2osoa v

o1z oy v

~ _ a3al gy
v
g(mla2r13(14 3a i 9a1a2”’a4Rya1a2a4 I 9a1a2a3“Ra3a1a2
Ra3a1aga4 - *2(”, _ 1) 3~
7 ) n Nol oo v a v
0”a2a3a4Ra3ua2a4 — 0@1#a3a4Ra3alua4 — Halagua4Ruala2a4 — goraz SuRa?,alag _ _2(n - 1)R“
3a
9}“}'0&10420«‘3041% — G,uu
- esete0s = (T — 2)
*Theorem 1
3cia
mp A*Y = qGHY + bgH a=

(n—1)(n—2) Q.E.D.



How to go beyond GR?

* Lovelock’s theorem (to be more precise, corollary
2) assumes
* 4-dim. (pseudo-)Riemannian geometry
- the metric is the only physical field

(The theorem is at the level of eoms.)

* Modification of GR (at the level of eoms) then
requires at least one of the following
- extra dimension
- extra dof.
* Lorentz violation
* non (pseudo-)Riemannian geometry



LOVEIOCk graVIty (simplest generalization of GR in higher-dim.)

(ref. D.Lovelock, J.Math.Phys. 12 (1971) 498)

* A solution to the recursion relation in theorem 2 with p=2k, 1=k=m-1

Pt e LP1- P2k ﬁu VPl Pok ﬁ‘ul g1\ Oor\ alo2a30y XA —-30A | —204k—1CAL
w ' = (6561---02kg + 6ﬁ01---02kg )g B g SRR DPIP2)\1A2 P2k—1P2k A2k —1 A2k
al - s = al
% (n:even) %: O
m = Ay XyN
2l (n:odd) Oy = det
QN N
DEYPS = L (518 + 51:6%) (6407 + 0267) % T 0o
afyA g A A By vV B
* Since Theorem 2 implies the uniqueness of @#V*1%2""%4k-1%k jn Theorem 1,
9;1,1/0:1(12'"(14&—1&413 — bkwﬂVala2”'a4k—la4k (bk . const.)
* Itis straightforward to calculate
k k k
3 2h
wuualaz} k1A H Ra4h—1a4h—3a4h—2a4h =2 (5) 55311”.[%?9,;1, H Razh—lazhﬂ%_lﬁ
h=1 h=1

The r.h.s. is symmetric in (uv).

* In this way, Lovelock established the following theorem.



LOVEIOCk graVIty (simplest generalization of GR in higher-dim.)

(ref. D.Lovelock, J.Math.Phys. 12 (1971) 498)

If AV satisfies (i)-(iii) then ay,a : const.
m—1 k o
_ [T2e FRERLeY Ban—1B
AT = Z akgypépﬁll'"ﬁ;: H Roon_raon "7 + bg"”
k=1 h=1 50 s
5 (n:even) pr. ~ UBn
m = ap-aN
il (p: odd) Opy-p = 4 -
AR R

Lovelock then found an action whose Euler-Lagrange eq is A*Y = 0.

m—1 k
f Z a '..a _ 2h
1= /dnx I [ 20 511--'!322; H Ra%—laghﬁ% 15 +2b

This theory is called Lovelock gravity.
The first two are Einstein-Hilbert (k=1) & Gauss-Bonnet (k=2) terms.
The last (2b) is cosmological constant term.
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PARAMETRIZED POST-
NEWTONIAN (PPN) FORMALISM



Formalism

[ref. C. M. Will, “Theory and experiment in gravitational physics” (Cambridge)]

 Stress-energy tensor (perfect fluid)
T, =p(1 ;I— Mu,u, -I(; P(()u%uv + gﬂv)
ullt = gyt uM = (u U v~) : 4-velocity
V" : 3-velocity
p : rest mass density —  basic variables
P : isotropic pressure
Il : specific energy density _|
ubu, = -1, V,(put) =0, V,T* =0

* Post-Newtonian bookkeeping

v=0() I~V G o =0 =0
* Newtonian metric ,
- Joo = —1+2U + 0(e?) U(t,%) = GyJ Ifff’l d3x’
{ goi = 0(€>) , p' =p(t,x")

gij = 6ij + 0(e?)




Formalism

* PPN metric
goo = —1+2U + 2(¢ — BU?) + 8B + O(€°)

@b:%(2’74'14—@34—(1—@—25)@1-!-(1—2_5-+C2+§)‘I’2

1
+ (L +G) P + (374 3Ca)— 20)Pa — S (C1)— (8 — 2)0 — £Dwy
B=—-X0+ ® — ®s

1

1 1
goi = — {2(1 +0) + 501_] Vi— 2 [1+ g — G+ @ +26] X i + O(€°)

gi; = (1 +27U)6;; + (9(64)

* Def. of potentials
AU = —47TGNp* y

SI

d*z
|7 — 7|

AP = -4Ars & (D:/

A% = 815 o lIJ:/s’|§:':f:"|d35:'

AQX — 871G A@g = —47’[‘GNp*H, .
TGNpe | p = p\/__gu’o
AV; = —ArGnp*di;07 | Ady = —4AnGN P,
. 1
A®; = —4ArGnp*u?, A*®g = 8rGn | 9,9 (p™v'v”) — §A(P*UQ)] 3
APy = —4nGnp U, APy = —26%6719,0, X0, OU — 46V 9;UD,;U + AnGnp*U

c.f. {5 cannot be set to zero if time-diffeo is broken either explicitly or
spontaneously, e.g. in Horava gravity [Lin, Mukohyama, Wang, Zhu 2013].



Formalism

* Residual gauge freedom (in 4d-diffeo invariant theories)
x* - xH + EF with &g = A0yX, & = 0,4 = const.

goo — Goo + 2A(Pe + B — ®1) {z - (g + 224
goz :; “(g]m — Ao others unchanged
] 1]

(p can be set to zero by time diffeo
10 (+1) PPN parameters

{g unobservable if the matter sector has 4d-diffeo invariance

even if the gravity sector does not
(In 4d-diffeo invariant theories, (g is gauge freedom. In theories without
time-diffeo, {3z is physical but cannot be probed by matter if the matter
sector is (approximately) diffeo-invariant.)

* General relativity

y=.1,,8=1,5=a1=a2=a3=(1=(2=53=54=0
( {5 is gauge freedom.)



Limits on PPN parameters

[ref. C. M. Will, “Theory and experiment in gravitational physics”
(Cambridge); C. M. Will, Living Rev. Relativity 17 (2014) 4]

v—112.3x107° (time delay), 1.2 x 10~* (light deflection)
B —1|8x 107" (periherion shift), 2.3 x 10~* (Nordtvedt effect)
S 10~° (Earth tides)
a1 | 10™* (orbital polarization)
as |4 x 107 (spin precession)
(1 |2 x 1072 (combined PPN bound)
(3 | 107° (Newton’s 3rd law)

—_—

£ 4 x 10~ (spin precession)
&1 |7 x 107" (orbital polarization)
&y | 2x 1077 (spin precession) —  Strong gravity

&3 |4 x 1072° (pulsar acceleration)

(a2 |4 x107° (binary acceleration)




Scalar-tensor theory as an example

e Basic variables

. 2 61 tter
metric scalar  matter T, o
I ¢ ald \/_ 89 v

* Action [ =1 [gw qb] + Imatter[gw matter]

Iy = 7= J d*xy=g [qu - ff) oL qbavqb]
* p-eom
(3 + 20)V2¢ + fl—: 9" d,¢d,¢p = 8nT (T =T
* g-eom

1 W 1
¢Ruv N (Vuvv¢ + zvngguv) i $ ,uqbavq5 = 8m (Tuv N ETguv>



Scalar-tensor theory as an example

* PPN expansion 3
Juv = PPN metric with {3 = 0 (and thus {; = {;)
¢ = o+ Py + Py + 0(e®)

®o = const.= 0(e°)

b= 2yU
Qu= CUUU2 + ey Py + 1P + P, + c3P3 + 4, Py + Py + 5B

T,y —perfect fluid form

* 10 PPN parameters + Gy (+ unobservable parameters)
10 observable
1 defines the unit
Yo, Cuu, Cw, C1,C2,C3, Cy, Ce, Cp 9 unobservable

* Computation
i) p-eom of O(e?) - solve w.rt. (Gy, V)
c. = 2(2+wg) _ %o
N — ¢0(3+2w0)'y¢ i 2(2+wy)

(g-eom)y, of O(e%)



Scalar-tensor theory as an example

 Computation continued
ii) 6%/ (g-eom); of O(€?) > solve w.rt. y

iii) (g-eom), of O(e3) = solve w.r.t. a,

a1 = 0
iv) p-eom of O(e*) = solve w.r.t. (cyy, cw, €1, €2, C3, Ca, Co, CB)
¢o[2wo—(3—g)0¢o+3] b0 ¢0[4w%+8w0—(3—$)0¢0+3]
Cuv = 2(3+2w0)(2+wg)2 yew = 0,61 = 2(2+wg)’ 1 €2 z (3+2w0) (2+wg)2
0 _ 0 0
03 = ey’ 4 T T 2rwy 6 T T 22409’ BT T 202ty
v) (g- eom)oo Of O(e*) > solve w.rt. (8, &, az, a3, (1,42, {3, a)
d¢ ®o
ﬁ — 0]
4(3+2w0)(2+w0)2

32“2:“3:(1:(2:(3:(4:0

vi) Setting Gy = ¢i(éi‘;z))o) =1->




* One can go beyond GR, but only to the extent that it is
consistent with all experimental constraints.

* There are many theories and many experiments.

* Thanks to the PPN formalism, possible deviations from GR
at the solar system scale are universally constrained by
experiments.

* 10 PPN parameters + G, : calculable from theories and
constrained by solar system scale experiments.

* Table of constraints on PPN parameters.

 Calculation of PPN parameters in scalar-tensor theory as
an example.

 Similar calculations can be done in your favorite theories!
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EFFECTIVE FIELD THEORY OF
SCALAR TENSOR THEORY



« 3 check points
“What are the physical d.o.f. ?”
“How do they interact ?”
“What is the regime of validity ?”

* If two (or more) theories give the same
answers to the 3 questions above then they
are the same even If they look different.



Metric g, + scalar field ¢

Jordan (1955), Brans & Dicke (1961),
Bergmann (1968), Wagoner (1970), ...

Most general scalar-tensor theory with 2nd
order covariant EOM: Horndeski (1974)

DHOST theories beyond Horndeski: Langlois
& Noui (2016)

All of them (and more) are universally
described by an effective field theory (EFT)




Time diffeo is broken by the background
but spatial diffeo Is preserved.

All terms that respect spatial diffeo must be
iIncluded in the EFT action.

Derivative & perturbative expansions

Diffeo can be restored by introducing NG
00OSOoN




Time diffeo is broken by the background
but spatial diffeo Is preserved.

All terms that respect spatial diffeo must be
iIncluded in the EFT action.

Derivative & perturbative expansions

Diffeo can be restored by introducing NG
00OSOoN

ref. Arkani-Hamed, Cheng, Luty, Mukohyama 2004



Arkani-Hamed, Cheng, Luty and Mukohyama 2004

Order \ \ 2

oameter | (@) Vo) <5ﬂ¢> P (00
\ /oo |\ /-4

Instability | Tachyon —IUZCI)2 Ghost _¢2

Condensate |V'=0, V'>0 P'=0, P">0

Broken Gauge symmetry | Time translational

symmetry symmetry

Force to be |Gauge force Gravity

modified

New force |Yukawa type Newton+Oscillation

law




Systematic construction of
Low-energy effective theory

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004

Backgrounds characterized by
<> <aﬂ¢> + () and timelike

<-Background metric i1s maximally
symmetric, either Minkowski or dS.

(

:> Lo = Lew + M7 (hoo_27.r)2_%(K_'_ﬁzﬂ)2
—ﬁ(kij +§i§j7z)(Kij+§ﬁj7z)+m}




Gauge choice: @(t, X) =t.

Residual symmetry: X — X'(t, X)

mmp \Write down most general action invariant under
this residual symmetry.

( == Action for : undo unitary gauge!)

Start with flat background g, =77, +h,,
5hﬂv =0,6, 10,6,
Under residual gi
Ny, =0,y = aoé:i’aqij = aié:j +aj§i



. : : |
Action invariant under & Beginning at quadratic order,

e 2
(hoo ) since we are assuming flat
J ( h \)2 space Is good background.
ol 1
K2 KK, Kijzg(aohﬁ—ajhm—aihoj)



: . _ i
Action invariant under ﬁ-' Beginning at quadratic order,

((hoo )2 since we are assuming flat
J ( N \)2 space is good background.
SOl 1
k KZ,K”KU- Kijza(ﬁohij—ﬁjhm—ﬁihoj)
4 2 o 2 04 i
|:> I_eff :LEH_l_I\/I {(ho()) _M_:LZK _M_ZZKJKij_I_”'}
Action for &

hy, —> Ny, —20,7

) | Ly =Lgy +M* (h00—27'z)2——(K +§27z)2




E—>rE

-1
dt —» rdt Jdtdgx 1o a(V? 7)°
dx — r'?dx 2 M _
7T—>I’l/47z
\%
Leading nonlinear operator in infrared Idtd?’ E(I\/IZ)

has scaling dimension 1/4.

e.J. Ghost inflation [Arkani-hamed, Creminelli, Mukohyama, Zaldarriaga 2004]



Extension to FLRW background
= EFT of inflation/dark energy

Creminelli, Luty, Nicolis, Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 2007

Action invariant under x' = xi(t,x)
Ingredients
9 9%, Ryvper Vyu, & its derivatives

1st derivative of t

; I )t 0
6ut - 5# o \/ — g0, to,t - /—g00
900 huv = Guv + npnw

2nd derivative of t
K,, = hﬁvpn,/



Unitary gauge action

/d4£€\/ gL(t, (50 Kuv, 9uv, 9", va;u/pa)

‘ derivative & perturbative expansions

1= oy f daflr{ R+ e(t) + ea(t)g™

—I—L(Q) (5900, 5K/u/7 5R/u/pa; ty Guv gli’/, VIJJ)]

2 e < 00\2 < 00,\3 T 00F¢
L® = X(£)(69%)* + X2(t)(69™)* + A3(t)6g* 0 K/
+A4(t)(6KH)? + X5 (t) 0K LK, +



NG boson

Undo unitary gauge t — t =t — (¢, T)
H(t) — H({t+m), H@) — H{lt+n),

ANi(t) = N(t+7), at)— alt+7),
0, — (L4)d, + 6,0,
NG boson in decoupling (subhorizon) limit

H i)
I, = Ml%l/dtd?’fa?’ {—— (fr? —cgﬂ)

c2 a?
(1 C3 .3 . (8@-%)2 4 ~2 (2)
() (3 2) ot 40,
1 4\ 2X0 (1 -
—=1-2 03:(:?—8682 — -1
c2 H —H \¢c

Sound speed
¢, . speed of propagation for modes with w > H

2 S
w? = c? % for m ~ A(t) exp(—if wdt + ik - X)



power spectrum

H 0;m)?

I, = Mpl dtd3 ——2 —cg( Z) =) S
8 a C(k)_ga AN —4M12:)ZHCS

) 1 C273 a ? ~2 (2) - . csk~aH

—H (é - 1) (Zgﬁ ) +0(m*, &%) + Ls. 5R} m) non-Gaussianity
(G, (8) G, (8) G, (1)) = (2m)36% (1 + ko + k) B

2 types of 3-point interactions
1 T s
k° B |ky=ky=ko=k = 38A2( (LR

2 > size of non-Gaussianity
- 85 1 5es 1
: (1_‘_2) fNL—81 (1_0_2)

fxL ~ 324 2
c3 > shape of non-Gaussianity plots of By (k, k3 k, k3k) /B (k, k, k)

- Prototype of the * Linear combination
of the two shapes

orthogonal shape

Prototype of the
equilateral shape




* Ghost condensation is a universal
description of scalar-tensor theories
around Minkowski/de Sitter background.

« Extension of ghost condensation to FLRW
backgrounds results in the EFT of
inflation/dark energy.

* This EFT provides a universal description
of all known scalar-tensor theories,
iIncluding Horndeski theory, DHOST theory
and more.



