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S = ∫ d4x −g[ M2
Pl

2
R + Lm] ⇒ Rμν −

1
2

gμνR =
Tμν

M2
Pl

M2
Pl = 1/(8πG)

on super large scales     ( ) ∼ 200 − 300 Mpc 1 pc ∼ 1013 km

ds2 = − dt2 + a2(t)( dr2

1 − kr2
+ r2dΩ2)

Friedmann-Robertson-Walker (FRW) metric:

Translational symmetry: everywhere in space looks the same — :   

Rotational symmetry: every direction looks the same — SO(3):  

T4 xi → xi + ci

xi → Oi
jx

j



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

Friedmann’s Universe



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

• Continuity eqn. : ∇μTμ
ν = 0

Friedmann’s Universe



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

• Continuity eqn. : ∇μTμ
ν = 0

 ·ρ + 3H(1 + w)ρ = 0  H =
·a(t)
a(t)

 p = wρ

Friedmann’s Universe



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

• Continuity eqn. : ∇μTμ
ν = 0

 ·ρ + 3H(1 + w)ρ = 0  H =
·a(t)
a(t)

 p = wρ

 ρ(t) ∝ a(t)−3(1+w)

Friedmann’s Universe



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

• Continuity eqn. : ∇μTμ
ν = 0

 ·ρ + 3H(1 + w)ρ = 0  H =
·a(t)
a(t)

 p = wρ

 ρ(t) ∝ a(t)−3(1+w)

Rad ( ): w = 1/3 ρR ∝ a−4

Dust ( ): w = 0 ρM ∝ a−3

Cosmological Constant ( ): w = − 1 ρΛ = const .

Friedmann’s Universe



•Matter Lagrangian— Perfect Fluid:  Tμ
ν = diag(−ρ(t), p(t), p(t), p(t))

• Continuity eqn. : ∇μTμ
ν = 0

 ·ρ + 3H(1 + w)ρ = 0  H =
·a(t)
a(t)

 p = wρ

 ρ(t) ∝ a(t)−3(1+w)

Rad ( ): w = 1/3 ρR ∝ a−4 RAD MAT DE
Dust ( ): w = 0 ρM ∝ a−3

Cosmological Constant ( ): w = − 1 ρΛ = const .

Friedmann’s Universe



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy

Strong energy condition (SEC)

: timelikenμ : nullℓμ

(Tμν −
1
2

Tgμν)nμnν ≥ 0



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy

Strong energy condition (SEC)

: timelikenμ : nullℓμ

(Tμν −
1
2

Tgμν)nμnν ≥ 0 ρ + 3P ≥ 0 ρ + P ≥ 0and⇒



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy

Strong energy condition (SEC)

Weak energy condition (WEC) Tμνnμnν ≥ 0

: timelikenμ : nullℓμ

(Tμν −
1
2

Tgμν)nμnν ≥ 0 ρ + 3P ≥ 0 ρ + P ≥ 0and⇒



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy

Strong energy condition (SEC)

Weak energy condition (WEC) Tμνnμnν ≥ 0

: timelikenμ : nullℓμ

ρ + P ≥ 0 ρ ≥ 0

(Tμν −
1
2

Tgμν)nμnν ≥ 0 ρ + 3P ≥ 0 ρ + P ≥ 0and

and

⇒

⇒



• Friedmann equations

H2 =
8πG

3
ρ −

k
a2

Friedmann’s Universe

··a
a

= −
4πG

3
(ρ + 3P)

··a > 0

P < −
1
3

ρ w < −
1
3⇒ or

• Energy conditions: positivity conditions on energy

Strong energy condition (SEC)

Weak energy condition (WEC)

Null energy condition (NEC)

Tμνnμnν ≥ 0

Tμνℓμℓν ≥ 0

: timelikenμ : nullℓμ

ρ + P ≥ 0

ρ + P ≥ 0 ρ ≥ 0

(Tμν −
1
2

Tgμν)nμnν ≥ 0 ρ + 3P ≥ 0 ρ + P ≥ 0and

and

⇒

⇒

⇒



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe
ρ + P ≥ 0 ρ ≥ 0and



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P)

ρ + P ≥ 0

( )k = 0

ρ ≥ 0and



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P) ·H < 0⇒ Hubble always decreasing

ρ + P ≥ 0

( )k = 0 NEC

ρ ≥ 0and



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P) ·H < 0⇒ Hubble always decreasing

NEC

ρ + P ≥ 0

( )k = 0 NEC

⇒ Instabilities of a system, e.g. phantom field

ρ ≥ 0and



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P) ·H < 0⇒ Hubble always decreasing

NEC

ρ + P ≥ 0

( )k = 0 NEC

⇒ Instabilities of a system, e.g. phantom field

ρ ≥ 0and

Negative  (AdS)Λ ⇒ WEC



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P) ·H < 0⇒ Hubble always decreasing

NEC

ρ + P ≥ 0

ρ + 3P ≥ 0 ρ + P ≥ 0

( )k = 0 NEC

⇒ Instabilities of a system, e.g. phantom field

• SEC easily violated

Both Inflation and DE with  typically violate SEC··a > 0

ρ ≥ 0

⇒

and

and

Negative  (AdS)Λ ⇒ WEC



• All forms of known matters (even ) satisfy NEC & WECΛ

Friedmann’s Universe

·H = − 4πG(ρ + P) ·H < 0⇒ Hubble always decreasing

NEC

ρ + P ≥ 0

ρ + 3P ≥ 0 ρ + P ≥ 0

( )k = 0 NEC

⇒ Instabilities of a system, e.g. phantom field

• SEC easily violated

Both Inflation and DE with  typically violate SEC··a > 0

ρ ≥ 0

⇒

and

and

Negative  (AdS)Λ ⇒ WEC

Energy cons. important role 
in the Raychaudhuri eq.

V
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• Friedmann’s eq.

• Linear parametrization
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• Friedmann’s eq.

• Linear parametrization

H2

H2
0

= ΩM(1 + z)3 + ΩR(1 + z)4 + Ωk(1 + z)2 + ΩDE
ρDE(z)
ρDE,0

Ωi ≡ ρi/ρc

Caution about neutrinos!!

ρDE(z)
ρDE,0

= exp[3∫
z

0
[1 + w(z′￼)]

dz′￼

1 + z ]
Almost zero

w = w(z)

w(a) = w0 + wa(1 − a)

a = (1 + z)−1
ρDE(z)
ρDE,0

= a−3(1+w0+wa)e−3wa(1−a)

 modelΛCDM BAO + CMB + SNe data

Tight constraints on  and ΩDE w(z)

• w = − 1

H(z) = [ d
dz ( dL(z)

1 + z )]−1

 = Luminosity distancedL

 modelw0waCDM



Dark Energy Evidences
• Responsible for accelerating expansion of the Universe today

2011 Nobel Prize — Perlmutter, Schmidt and Riess
Suzuki et al. 

2012
ΩDE ∼ 0.68 ρDE ∼ 7 ⋅ 10−30 g/cm3 ≃ 10−12 eV4⇒



Perhaps DE is dynamical…

Blue: no assuming a functional form of w(z)

w0 = − 0.752 ± 0.057 DESI + CMB 
+ DESY5wa = − 0.86+0.23

−0.20

• DESI DR2 Results (DESI 25)

ΛCDM

See Nandan Roy’s Lecture
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Perhaps DE is dynamical…
DESI 25• Other parametrizations of w(z) There exists a regime where DE 

behaves as a Phantom field 

w < − 1 NEC⇒

• Thawing DE

Proposed models

• Emergent DE

• Mirage DE Linder 07

Li & Shafieloo 19+20

Caldwell & Linder 05

⋮

See Nandan Roy’s Lecture



Dark Energy… H0 = (67 − 74)
km

s ⋅ Mpc



Dark Energy…
Energy

MPl ∼ 1019 GeV

H0 ∼ 10−33 eV

H0 = (67 − 74)
km

s ⋅ Mpc

ρDE ∼ 10−3 eV

mν ∼ 1 eV

me ∼ 0.5 MeV

Einf ∼ 1015 GeV



Dark Energy…
Energy

MPl ∼ 1019 GeV Physics of Dark Energy  Low-Energy Physics=

H0 ∼ 10−33 eV

H0 = (67 − 74)
km

s ⋅ Mpc

ρDE ∼ 10−3 eV

mν ∼ 1 eV

me ∼ 0.5 MeV

Einf ∼ 1015 GeV
On large scales, gravity (+ possible fifth 

force) matters

}
ℒ =

M2
Pl

2
R + ℒϕ(ϕ, ∂ϕ, ∂∂ϕ) + ⋯



Dark Energy…
Energy

MPl ∼ 1019 GeV Physics of Dark Energy  Low-Energy Physics=

H0 ∼ 10−33 eV

H0 = (67 − 74)
km

s ⋅ Mpc

ρDE ∼ 10−3 eV
If Dark Energy = Cosmological Constant Λ

mν ∼ 1 eV

me ∼ 0.5 MeV

Einf ∼ 1015 GeV

ρΛ

M4
Pl

∼ 10−120

On large scales, gravity (+ possible fifth 
force) matters

}
ℒ =

M2
Pl

2
R + ℒϕ(ϕ, ∂ϕ, ∂∂ϕ) + ⋯
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Quintessence Dark Energy

S = ∫ d4x −g[ M2
Pl

2
R −

1
2

(∂ϕ)2 − V(ϕ)]

ρ̄ϕ =
1
2

·ϕ2 + V(ϕ) P̄ϕ =
1
2

·ϕ2 − V(ϕ) −1 ≤ wϕ ≡
P̄ϕ

ρ̄ϕ
≤ 1

H ·ϕ ∼ V′￼• Slow roll

··ϕ + 3H ·ϕ + V′￼(ϕ) = 0

• Additional scalar field: pheno. extension of ΛCDM

• EoM of ϕ(t)

⇒and

⇒·ϕ2/2 ≪ V H2 ∼
V

M2
Pl

and

mϕ ≪ H ∼ 10−33 eV Very light fieldV ∼ m2
ϕϕ2 ⇒

Δϕ ∼
·ϕ

H
∼

V′￼

H2

Displacement in 
one Hubble time

Δϕ
ϕ

≪ 1 ⇒ V′￼

ϕ
≪ H2
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• Tracker solution V(ϕ) =
Mn+4

nϕn

ϕ(t) = Ctβ

··ϕ +
3α
t

·ϕ −
Mn+4

ϕn+1
= 0

a(t) ∝ tα H =
α
t

Attractor solution ϕ = Ctβ + φ

β =
2

n + 2

n > 2 ⇒

• EoM of ϕ(t)
 (MD)α = 2/3
 (RD)α = 1/2

⇒ and β(β − 1 + 3α) =
Mn+4

Cn+2

φ ∝ tγ with  is complexγ⇒

ρϕ =
1
2

·ϕ2 + V(ϕ) ∝ t−2n/(n+2)  decreases slower 
than  and 

ρϕ
ρR ρM

ρR ∝ a−4 ∝ t−2

ρM ∝ a−3 ∝ t−2

Steinhardt, Wang, Zlatev 98Quintessence Dark Energy



• EoS parameter

wϕ =
1
2
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background EoMs
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ξ = GM/r3c2

Binary Pulsars•Accelerated expansion of our Universe today leads 
to a lot of activities trying to extend gravity and 
cosmology beyond ΛCDM

•Gravity has been tested on various regimes

Grav. potential

Cosmology

•Allow for modification of gravity on large scales

•Focus on strong-gravity regime where deviations 
from GR are expected: BH/NS mergers

Understand and test gravity better
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• Traditional scalar-tensor theories

S[gμν, ϕ] = ∫ d4x −g[f(ϕ)R −
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• For our DE to contribute to the CC. problem
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gE
μν = f(ϕ)gμν

Einstein frame

Non-minimally coupling btw.  and ϕ gμν

• Add matter couplings SJ = ∫ d4x −g[f(ϕ)R −
1
2

(∂ϕ)2 − V(ϕ)] + S[ψm; gμν]

Minimally coupled

⇒
Gravity is standard, but matter is coupled with  via ϕ ϕTm

Einstein eq. is 
modifiedV(ϕ)/f2
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μν S[gJ
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1
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Gravitational slip

|γ − 1 | ≲ 10−5

Shapiro time delay
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3. : large nonlinearitiesZ(ϕ̄) ≫ 1

Kinetic screening

e.g. Vainshtein & k-mouflage
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General scalar-tensor theories
• The most general scalar-tensor theories without the Ostrogradski ghost

    : (Beyond) Horndeski Theories

L2 = G2(Φ, X)

Horndeski 74, Deffayet et al. 11, Zumalacárregui and 
García-Bellido 14, Gleyzes et al. 14 +++

L3 = G3(Φ, X) □ Φ

Φμ ≡ ∇μΦ

L4 = G4(Φ, X)R − 2G4X(Φ, X)[(□Φ)2 − ΦμνΦμν] − F4(X, Φ)ϵμνρ
σϵμ′￼ν′￼ρ′￼σΦμΦμ′￼

Φνν′￼
Φρρ′￼

L5 = G5(Φ, X)GμνΦμν +
1
3

G5X(Φ, X)[(□Φ)3 − 3(□Φ)ΦμνΦμν + 2ΦμνΦσμΦν
σ]

−F5(Φ, X)ϵμνρσϵμ′￼ν′￼ρ′￼σ′￼ΦμΦμ′￼
Φνν′￼

Φρρ′￼
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• (D)HOST Theories: Lagrangian contains second-order derivatives  
of a scalar field Langlois and Noui 15,  Langlois 17 +++

Modifies speed of GW on Φ(t)

X = gμν∂μΦ∂νΦ



GW is traveling through a Medium of Dark Energy   Φ(t)
(Lorentz violating medium)

In general c2
GW ≠ c2

Light
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GW ∇2
khij + m2

ghij = Sij(ΨM)

Beyond GR: generic effects on GW propagation

Effective friction term

ν = 0 , c2
GW = 1 , m2

g = 0

Speed of GW Effective mass term

Source term e.g. scalars

A Test of GR and Modified Gravity



LIGO/Virgo + Fermi/GBM + INTEGRAL 17 

fLIGO ∼ 100 Hz ∼ 10−13 eV

Mc ≃ 1.18 M⊙

Chirp mass

|c2
GW − 1 | ≲ 10−15

GW170817 @ LIGO = GRB170817A @ Fermi

r ∼ 40 Mpc
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B4 = G4 +
X
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G5Φ

Lc2
GW=1 = G2(Φ, X) + G3(Φ, X) □ Φ + B4(Φ, X)R −

4
X

B4X(ΦμΦνΦμν □ Φ − ΦμΦμνΦλΦλν)

Caveats: Validity of the theories — the cut-off scale of the theories
de Rham and Melville 18

• Beyond Horndeski Theories with , no GW decay, and no instabilities of 
dark energy 

c2
GW = 1

Lc2
GW=1,no−decay = G2(Φ, X) + C(Φ, X)R +

6CX(Φ, X)2

C(Φ, X)
ΦμΦμνΦλΦλν

Creminelli et al. 18, Creminelli, Tambalo, Vernizzi and VY 19 + 20After performing gμν → C(Φ, X)gμν



Effective Field Theory approach

• Effective Field Theory of Inflation/Dark Energy Cheung et al. 08, Gubitosi et al. 12, +++

 spontaneously breaks time diffeomorphism Φ(t)

S = ∫ d4x −g L[t; N, Ki
j ,

(3)R, …]

The action is invariant under 3d diff.

• Efficient way to study a perturbation around fixed background

ds2 = − dt2 + a(t)2dxidxi

ds2 = − N2dt2 + hij(Nidt + dxi)(Njdt + dxj)



EFT of DE

Observations

Galaxy clusters — SDSS

Grav. Waves

CMB — Planck 

Models

Ezquiaga and Zumalacárregui 18

, , , 
, , etc.

αK αB αH
αM αT

Bridges the models and 
observations in a minimal 

and systematic way 

S(2) = ∫ d4x h
M2

2 [δKi
jδKj

i − δK2 + (3)RδN(3)R + ∑
i

αi(t)𝒪(2)
i (δN, δK, ⋯)]

Deviations 
from GR

δKi
j = Ki

j − Hδi
j



EFT of DE after GW170817

SEFT = ∫ d4x −g[ M2
⋆

2
f(t)R − Λ(t) − c(t)g00 +

m4
2(t)
2

(δg00)2 −
m3

3(t)
2

δg00δK − m2
4(t)δ𝒦2

• EFT of Dark Energy in unitary gauge:  δΦ = 0

+
m̃2

4(t)
2

δg00(3)R −
m2

5(t)
2

δg00δ𝒦2 −
m6(t)

3
δ𝒦3 − m̃6(t)δg00δ𝒢2 −

m7(t)
3

δg00δ𝒦3]

δ𝒦2 ≡ δK2 − δKμ
ν δKν

μ

δ𝒢2 ≡ δKμ
ν

(3)Rν
μ − δK(3)R/2

δg00 = 1 + g00

m2
4δ𝒦2 ⊃ m2

4
·γ2
ijδ𝒦3 ≡ δK3 − 3δKδKμ

ν δKν
μ + 2δKν

μδKμ
ρ δKρ

ν

δKμ
ν = Kμ

ν − Hδμ
ν
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⋆ f⇒



GW decay γ → ππ
• EFT of DE after GW170817 Creminelli et al. 18
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480πc7
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• EFT of DE after GW170817

Γγ→ππ

H0
∼ 1020α2

H
(1 − c2

s )2

480πc7
s

≲ 1

Creminelli et al. 18

SEFT
c2

T=1 = ∫ d4x −g[ M2
*

2
f(t)R − Λ(t) − c(t)g00 +

m4
2(t)
2

(δg00)2 −
m3

3(t)
2

δg00δK +
m̃2

4(t)
2 (δg00(3)R − δg00δ𝒦2)]

ℒγππ =
αH

Λ3
3

··γij∂iπ∂jπ

⇒ αH ≲ 10−10

Λ3 = 10−13 eV

Beyond Horndeski is highly 
constrained as DE models

Most relevant terms

αH =
2m̃2

4

M2
Pl



Resonant GW decay γ → ππ

• EoM of  in the background of GWπ(t, ⃗x) γij = MPlh+
0 sin(ω(t − z))ϵ+

ij

Creminelli, Tambalo, Vernizzi and VY 19• Take into account large occupation number of gravitons
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Due to the coupling ··γij∂iπ∂jπ

• : Resonant instability β < 1
0

0.2

0.4

0.6

0.8

1.0
p

d2π ⃗p

dτ2
+ [A − 2q cos(2τ)]π ⃗p = 0

π ⃗p ∼ eμτ⇒ μ ∼ β

Floquet exponent



Resonant GW decay γ → ππ

Creminelli, Tambalo, Vernizzi and VY 19

/Virgo
Δγij ∼

1
Λ3

⋆
∂2

t (∂iπ∂jπ)

• Modification to GWs: γij ≡ γ̄ij + Δγij

• Neglect nonlinearities of ’s and π

10−20 ≲ |αH | ≲ 10−17

• Absence of sizable  rules outΔγij

Perturbative bound: |αH | ≲ 10−10

Sizable Δγ



DE Instabilities by GWs
Creminelli, Tambalo, Vernizzi and VY 20
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··π − c2
s ∇2π − c2

s β sin[ω(t − z)](∂2
x − ∂2

y)π = 0 Gradient instability!⇒
• Large GW amplitude: β > 1

• Too naive: one needs to consider nonlinearities of π

ℒπ = −
1
2

η̄μν∂μπ∂νπ −
1

Λ3
3

□ π(∂π)2 +
αB

Λ2
2

·γij∂iπ∂jπ +
αB

MPl
π ·γ2

ij

Λ2 = 10−3 eV

Λ3 = 10−13 eV
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··π − c2
s ∇2π − c2

s β sin[ω(t − z)](∂2
x − ∂2

y)π = 0 Gradient instability!⇒
• Large GW amplitude: β > 1

• Too naive: one needs to consider nonlinearities of π

ℒδπ = Zμν(x) ∂μδπ∂νδπ• Expand around nonlinear solution: π = ̂π + δπ

ℒπ = −
1
2

η̄μν∂μπ∂νπ −
1

Λ3
3

□ π(∂π)2 +
αB

Λ2
2

·γij∂iπ∂jπ +
αB

MPl
π ·γ2

ij

⇒

Λ2 = 10−3 eV

Λ3 = 10−13 eV

̂π

δπ
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s ∇2π − c2

s β sin[ω(t − z)](∂2
x − ∂2

y)π = 0 Gradient instability!⇒
• Large GW amplitude: β > 1

• Too naive: one needs to consider nonlinearities of π

ℒδπ = Zμν(x) ∂μδπ∂νδπ• Expand around nonlinear solution: π = ̂π + δπ

ℒπ = −
1
2

η̄μν∂μπ∂νπ −
1

Λ3
3

□ π(∂π)2 +
αB

Λ2
2

·γij∂iπ∂jπ +
αB

MPl
π ·γ2

ij

: No ghostZ00 > 0

: No gradientZ0iZ0j − ZijZ00 > 0

⇒

Λ2 = 10−3 eV

Λ3 = 10−13 eV

̂π

δπ



DE Instabilities by GWs
Creminelli, Tambalo, Vernizzi and VY 20

• Absence of ghost/gradient instabilities

|αB | ≲ 10−2

• Bound on : cubic HorndeskiαB
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• Absence of ghost/gradient instabilities

|αB | ≲ 10−2

• Surviving scalar-tensor theories as DE models 

SEFT
c2

T=1 = ∫ d4x −g[ M2
*

2
f(t)R − Λ(t) − c(t)g00 +

m4
2(t)
2

(δg00)2]

• Bound on : cubic HorndeskiαB
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• Absence of ghost/gradient instabilities

|αB | ≲ 10−2

• Surviving scalar-tensor theories as DE models 

SEFT
c2

T=1 = ∫ d4x −g[ M2
*

2
f(t)R − Λ(t) − c(t)g00 +

m4
2(t)
2

(δg00)2]

⇔

ℒ = G2(ϕ, X) + C(ϕ, X)R +
6C,X(ϕ, X)2

C(ϕ, X)
ϕ;μϕ;μνϕ;λϕ;νλ

K-essence + non-minimally coupled with gravity

• Bound on : cubic HorndeskiαB



Modified Gravity as an EFT
• On larges scale gravity is modified 

MPl ∼ 1028 eV

Energy scale

H0 ∼ 10−33 eV Λcut−off

fLIGO ∼ 10−13 eV

Infrared (IR) regime: 

Effective Field Theory works

Ultraviolet (UV) regime

• On small scales (solar system) gravity behaves the same as in GR 
The presence of the fifth force (on small scales) can be typically suppressed by screening mechanism 
(but not necessary)

rV ∼ 100( M
M⊙ )1/3 pc

fLISA ∼ 10−18 eV



Backup



Conformal transf. and f(R)
Wald’s GR book, app.D

•Under g̃μν = Ω2gμν −g̃ = Ω4 −g R̃ = Ω−2[R − 6gμν
∇μ ∇νΩ

Ω ]
•  gravityf(R) S = ∫ d4x −g f(R) + Sm[gμν; ψm]

Introduce the auxiliary field Φ S = ∫ d4x −g[f(Φ) +
df
dΦ

(R − Φ)] + Sm[gμν; ψm]⇒
 is non-dynamicalΦ ⇒ EoM of  gives  with Φ Φ = R f′￼′￼ ≠ 0

This can be recast into the form S = ∫ d4x −g[F(Φ)R − V(Φ)] + Sm[gμν; ψm]

V(Φ) = − f(Φ) + Φf′￼(Φ) Use conformal transf. To go to Einstein frame



The Web of EFTs

Ghost condensation

Arkani-Hamed et al. 04, 
Arkani-Hamed et al. 04

Gauged Ghost condensation

Cheng et al. 06, Mukohyama 07

EFT of inflation/DE

Cheung et al. 08, 

Gubitosi et al. 12, +++

Shift symmetric EFT on FLRW

Finelli et al. 18

Scalar-tensorScalar-tensor

Scalar-tensor

Vector-tensor

EFT of vector-tensor 
on FLRW


Aoki et al. 22

Vector-tensor

EFT of vector-tensor on 
arbitrary background

Aoki, Gorji, Mukohyama, 

Takahashi and VY 23

EFT of scalar-tensor on 
arbitrary background


Mukohyama and VY 22, +++

Scalar-tensor

Vector-tensor

App. for BH

App. for BH

gauging shift 
symm.

weak 
coupling limit

extension to FLRW
extension to any 

background

Minkowski or 
de Sitter limit

FLRW limit

FLRW limit
Minkowski 

limit

imposing shift 
symm.

gauging shift 
symm.

weak 
coupling limit

soft-breaking 
shift symm.

extension to any 
background

gauging shift 
symm.

soft-breaking 
shift symm.

weak 
coupling limit

Shift symmetric EFT 

Khoury et al. 22

imposing shift 
symm.

Scalar-tensor

extension to FLRW



Example of using the constraint c2
GW = 1

Creminelli and Vernizzi 17, Ezquiaga and Zumalacárregui 
17, Baker et al. 17, Sakstein and Jain 17

• Expand the Horndeski action on :Φ(t) S[hij] =
M2

8 ∫ d4x a3(t)[ ·h2
ij −

c2
GW

a2(t)
(∂khij)2]

1 − c2
GW =

2m2
4

M2 m2
4 = − [2XG4X + XG5Φ + (H ·Φ − ··Φ)XG5X] + X2F4 − 3H ·ΦX2F5

• Impose m2
4 = 0

L2 = G2(Φ, X) L3 = G3(Φ, X) □ Φ

L4 = G4(Φ, X)R − 2G4X(Φ, X)[(□Φ)2 − ΦμνΦμν] − F4(X, Φ)ϵμνρ
σϵμ′￼ν′￼ρ′￼σΦμΦμ′￼

Φνν′￼
Φρρ′￼

L5 = G5(Φ, X)GμνΦμν +
1
3

G5X(Φ, X)[(□Φ)3 − 3(□Φ)ΦμνΦμν + 2ΦμνΦσμΦν
σ]

−F5(Φ, X)ϵμνρσϵμ′￼ν′￼ρ′￼σ′￼ΦμΦμ′￼
Φνν′￼

Φρρ′￼
Φσσ′￼

2G4X − XF4 + G5Φ = 0

X = (∂μΦ)2M2 ≡ M2
Pl + 2m2

4
·h2

ij −
1

a2(t)
(∂khij)2

·h2
ij


