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Horndeski theory

S =

∫
d4x

√
−g (L2 + L3 + L4 + L5) ,

L2 = F (π,X ),

L3 = K (π,X )2π,

L4 = −G4(π,X )R + 2G4X (π,X )
[
(2π)2 − π;µνπ

;µν
]
,

L5 = G5(π,X )Gµνπ;µν +
1
3
G5X

[
(2π)3 − 32ππ;µνπ

;µν + 2π;µνπ
;µρπ ν

;ρ

]
,

where π is the Galileon field, X = gµνπ,µπ,ν , π,µ = ∂µπ, π;µν = ▽ν▽µπ,
2π = gµν▽ν▽µπ, G4X = ∂G4/∂X



Motivation
1 Avoid the quantum gravity. Being able to construct

everywhere-regular weak-gravity solutions.

for example, cosmology without singularities or wormholes

2 Have sufficiently much freedom to modify gravity and scalar
dynamics in different ways

for dark matter, dark energy, hairy blackholes, etc..

3 Theory of a very general form under several assumptions

general covariance, locality and 1 additional degree of freedom.

(1) requires NEC violation.
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L = K (π,X )2π X = gµνπ,µπ,ν

δL = Kπ2πδπ + KX2πδX + K2δπ =

= ...+ KX2πδ∂µπ∂
µπ + K∂µ∂

µδπ

= ...+ 2KX2π∂µπ∂
µδπ + ∂µ∂

µKδπ

= ...− 2KX∂
µ2π∂µπδπ + ∂µ(Kπ∂

µπ + 2KX∂
µ∂νπ∂

νπ)δπ

...− 2KX∂
µ∂ν∂

νπ∂µπδπ + 2KX∂µ∂
µ∂νπ∂

νπδπ

= ...only second derivatives
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History
Galileons → Covariant Galileons → Generalized Galileons
(Nicolis et al 0811.2197) (Deffayet et al 0901.1314) (Deffayet et al 1103.3260)

||

Horndeski

(Horndeski 1974)

L = c1ϕ+ c2X − c3X2ϕ+ c4X
[
(2ϕ)2 − ∂µ∂νϕ∂

µ∂νϕ
]

− c5
3
X
[
(2ϕ)3 − 32ϕ∂µ∂νϕ∂µ∂νϕ+ 2∂µ∂νϕ∂ν∂λϕ∂λ∂

µϕ
]
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Horndeski theory

S =

∫
d4x

√
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General lagrangian with 2 tensor and 1 scalar DOF
General relativity, 1-field inflations, non-minimal coupling
K-essence/k-inflation
kinetic gravity braiding/G-inflation
f(R)-gravity, Gauss-Bonnet term, f(G-B)

No Ostrogradski ghost
second order equations of motion in Horndeski, despite second
derivatives is the Lagrangian

Can break NEC without linear instabilities
π = π0 + χ, gµν = g̃µν + hµν

L
(2)
ζ =

1
2
U ζ̇2 − 1

2
V (∂iζ)

2 − 1
2
W ζ2

Uω2 = V p2 +W ,

• stability requirement: U > 0 , V > 0 , W ≥ 0 .



beyond Horndeski

S =

∫
d4x

√
−g (L2 + L3 + L4 + L5 + LBH) ,

L2 = F (π,X ),

L3 = K (π,X )2π,

L4 = −G4(π,X )R + 2G4X (π,X )
[
(2π)2 − π;µνπ

;µν
]
,

L5 = G5(π,X )Gµνπ;µν +
1
3
G5X

[
(2π)3 − 32ππ;µνπ

;µν + 2π;µνπ
;µρπ ν

;ρ

]
,

LBH = F4(π,X )ϵµνρσϵ
µ′ν′ρ′σπ,µπ,µ′π;νν′π;ρρ′+

+F5(π,X )ϵµνρσϵµ
′ν′ρ′σ′

π,µπ,µ′π;νν′π;ρρ′π;σσ′

F4 G5XX = −3F5

[
G4 − 2XG4X +

1
2
G5πX

]
,

H → BH gµν → gµν + Γ(π,X )∂µπ∂νπ.
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DHOST theory

S =

∫
d4x

√
−g (L2 + L3 + L4 + L5) ,

L2 = F (π,X ),

L3 = K (π,X )2π,

L4 = F2(π,X )R +
5∑

i=1

Ai (π,X ) L
(2)
i ,

L5 = F3(π,X )Gµνπ;µν +
10∑
j=1

Bj(π,X ) L
(3)
j ,



DHOST theory

LQuad =
5∑

i=1

Ai (π,X ) L
(2)
i ,

L
(2)
1 = (πµν)

2 , L
(2)
2 = (2π)2 , L

(2)
3 = 2π (πµνπ

µπν) ,

L
(2)
4 = (πµρπ

µ)2 , L
(2)
5 = (πµνπ

µπν)2 ,

A2 = −A1 ,

A4 =
1

8(F2 − XA1)2
[
−16XA3

1 + 4(3F2 + 16XF2X )A
2
1

−(16X 2F2X − 12XF2)A3A1 − X 2F2A
2
3

−16F2X (3F2 + 4XF2X )A1 + 8F2(XF2X − F2)A3 + 48F2F
2
2X

]
,

A5 =
(4F2X − 2A1 + XA3)

(
−2A2

1 − 3XA1A3 + 4F2XA1 + 4F2A3
)

8(F2 − XA1)2
.
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DHOST theory

LCubic =
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L
(3)
4 = (2π)2(πµνπ

µπν) , L
(3)
5 = 2π (πµνπ

µ)2 ,

L
(3)
6 = (πρσ)

2 (πµνπ
µπν) , L

(3)
7 = πµνπνρπ

ρσπµπσ ,

L
(3)
8 = (πµνπµ)

2(πρσπρπσ) , L
(3)
9 = 2π(πρσπρπσ)

2 ,

L
(3)
10 = (πρσπρπσ)
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+ Relations between F3 and Bj
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S =

∫
dtd3xa3

[GT

8

(
ḣTik

)2
− FT

8a2

(
∂ih

T
kl

)2
+ GS ζ̇

2 −FS
(▽ζ)2

a2

]
The speeds of sound for tensor and scalar perturbations are, respectively,

c2
T =

FT

GT
, c2

S =
FS

GS

A healthy and stable solution requires correct signs for kinetic and
gradient terms as well as subluminal propagation:

GT ≥ FT > ϵ > 0, GS ≥ FS > ϵ > 0

These coefficients are combinations of Lagrangian functions and have
non-trivial relations

GS =
ΣGT

2

Θ2 + 3GT , GS =
ΣGT

2

Θ2 + 3GT ,

FS =
1
a

dξ
dt

−FT , ⇒ FS =
1
a

dξ
dt

−FT ,

ξ =
aGT

2

Θ
. ξ =

a (GT −Dπ̇)GT

Θ
.

(7)



Early Universe

• Different "successful" models of the early Universe:

− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations

− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies

− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models

− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations

• By "successful" we mean not only stable (healthy), but also
satisfying experimental data

− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data

− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum

− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)

− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities

− PTA experiments, ...



Early Universe

• Different "successful" models of the early Universe:
− different new models of Inflations
− bouncing cosmologies
− genesis models
− various combinations
• By "successful" we mean not only stable (healthy), but also

satisfying experimental data
− amplitude and tilt of the scalar spectum
− amplitude of tensor spectrum (r -ratio)
− anisotropies and non-gaussianities
− PTA experiments, ...



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem

If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways

− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness

− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past

− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0

− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton

− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature

− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)

− consider beyond Horndeski or DHOST theory



Early Universe cosmology

• Another issue that arises in Horndeski cosmology is apparent no-go
theorem
If one tries to construct globally stable non-singular solution

• This issue was also resolved in many different ways
− geodesically incompliteness
− strong gravity in the past
− θ = 0
− cuscuton
− spatial curvature
− different geometry or formalism (torsion, Palatini)
− consider beyond Horndeski or DHOST theory



Static compact objects

• No-go for wormhole solutions in Horndeski theory

• "almost" resolved in beyond Hondeski
• Many different "successful" blackhole solutions (with or without

hair)



Static compact objects

• No-go for wormhole solutions in Horndeski theory
• "almost" resolved in beyond Hondeski

• Many different "successful" blackhole solutions (with or without
hair)



Static compact objects

• No-go for wormhole solutions in Horndeski theory
• "almost" resolved in beyond Hondeski
• Many different "successful" blackhole solutions (with or without

hair)



Modern Universe cosmology

• We consider Horndeski theory (and generalizations)

• There is an additional phenomenological restriction,
if we study modern Universe (models of dark energy and dark
matter)

GW 170817



Modern Universe cosmology

• We consider Horndeski theory (and generalizations)
• There is an additional phenomenological restriction,

if we study modern Universe (models of dark energy and dark
matter)

GW 170817



Modern Universe cosmology

• We consider Horndeski theory (and generalizations)
• There is an additional phenomenological restriction,

if we study modern Universe (models of dark energy and dark
matter)

GW 170817



Horndeski theory in 5d

S =

∫
d5x

√
g Lπ ,

Lπ = L2 + L3 + L4 + L5 + L6

L2 = F (π,X ),

L3 = K(π,X )2π,

L4 = −G4(π,X )R + 2G4X (π,X )
[
(2π)2 − π;MNπ

;MN
]
,

L5 = G5(π,X )GMNπ;MN +
1
3
G5X (π,X )

[
(2π)3 − 32ππ;MNπ

;MN + 2π;MNπ
;MPπ N

;P

]
,

L6 =
3
4
G6(π,X )

(
R2 − 4RABRAB + RABCDRABCD

)
+ 3G6X (π,X )∗(
−R

(
(2π)2 − π;ABπ;AB

)
+ 4RAB

(
2π π;AB − π;A

Cπ;CB

)
− 2RABCDπ;ACπ;BD

)
+ G6XX (π,X )∗(
(2π)4 − 6π;ABπ;AB(2π)2 + 82π π;ABπ;B

Cπ;CA + 3
(
π;ABπ;AB

)2
− 6π;ABπ;B

Cπ;C
Dπ;DA

)



KK reduction

R5 −→ R4 × S1 R(S1) → 0

gmn =

(
gµ ν − ϕ2 Aµ Aν ϕ2 Aµ

ϕ2 Aν −ϕ2

)

GR −→ GR + EM + dilatonϕ

Let us perform KK reduction for H, BH and DHOST theories
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S =

∫
d5x

√
g Lπ ,

Lπ = L2 + L3 + L4 + L5 + L6

L2 = F (π,X ),

L3 = K(π,X )2π,

L4 = −G4(π,X )R + 2G4X (π,X )
[
(2π)2 − π;MNπ

;MN
]
,

L5 = G5(π,X )GMNπ;MN +
1
3
G5X (π,X )

[
(2π)3 − 32ππ;MNπ

;MN + 2π;MNπ
;MPπ N

;P

]
,

L6 =
3
4
G6(π,X )

(
R2 − 4RABRAB + RABCDRABCD

)
+ 3G6X (π,X )∗(
−R

(
(2π)2 − π;ABπ;AB

)
+ 4RAB

(
2π π;AB − π;A

Cπ;CB

)
− 2RABCDπ;ACπ;BD

)
+ G6XX (π,X )∗(
(2π)4 − 6π;ABπ;AB(2π)2 + 82π π;ABπ;B

Cπ;CA + 3
(
π;ABπ;AB

)2
− 6π;ABπ;B

Cπ;C
Dπ;DA

)

gAB =

(
gµ ν − ϕ2 Aµ Aν ϕ2 Aµ

ϕ2 Aν −ϕ2

)
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LKϕ =
1
ϕ
Kϕ;απ;α ,

L4ϕ =
2
ϕ
G4 (2ϕ) +

4
ϕ
G4X (2π)ϕ;απ;α ,

L5ϕ =
1
ϕ
G5

(
(2ϕ) (2π)− ϕ;αβπ;αβ

)
− 1

2ϕ
G5Rϕ

;απ;α

+
1
ϕ
G5Xϕ

;απ;α

(
(2π)2 − π;αβπ

;αβ
)
,

L6ϕ =
6
ϕ
G6G

αβϕ;αβ +
12
ϕ
G6XG

αβπ;αβϕ
;γπ;γ +

12
ϕ
G6Xϕ

;αβπ;βγπ
;γ

α

+
6
ϕ
G6X

(
(2ϕ) (2π)2 − (2ϕ)π;αβπ

;αβ − 2 (2π)ϕ;αβπ;αβ

)
+

4
ϕ
G6XXϕ

;απ;α

(
(2π)3 − (2π)π;αβπ

;αβ + 2π;αβπ
;β

γπ
;γα

)
.



L4A = −ϕ2

4
G4FαβF

αβ + ϕ2G4XFαγF
α

βπ
;βπ;γ

L5A = G5ϕ
2
(

1
2
FαβFα

γπ;βγ − 1
8
FαβFαβ2π +

1
2
Fαβ∇γFαγπ;β

)
+ G5ϕ

2
(

3
2ϕ

FαβFα
γϕ;βπ;γ − 3

8ϕ
FαβFαβϕ

;γπ;γ

)
+ G5Xϕ

2
(

1
2
FαβFα

γ (2π)π;βπ;γ − 1
2
FαβF γδπ;αγπ;βπ;δ

)



L6A =G6ϕ
2
(

3
8
FαβF

αβR −
9
4ϕ

FαβF
αβ (2ϕ) +

9ϕ2

64
FαβFγδF

αβFγδ + 3FαβFγ
αRγβ

−
9
2ϕ

FαβFγ
αϕ;γβ −

9ϕ2

32
FαβFγ

αFδ
βFγδ −

9
ϕ2 FαβFγ

αϕ;βϕ;γ −
9
ϕ
Fα

β∇γFβγϕ
;α

+
3
2
∇αFαβ∇γFγ

β +
9
4
RαγβδFαβFγδ −

3
ϕ
Fαβ∇γFαβϕ;γ +

3
ϕ
Fα

β∇αFβγϕ
;γ

−
9

2ϕ2 FαβF
αβϕ;γϕ

;γ −
15
16

∇αFβγ∇αF
βγ +

3
8
∇αFβγ∇βFα

γ

)
+ G6X

(
−

3
4
FαβF

αβ(2π)2 −
9
2ϕ

FαβF
αβ (2π)ϕ;γπ;γ +

3
2
RFαβFγ

απ;βπ;γ

+
3
4
FαβF

αβπ;γδπ
;γδ +

9ϕ2

8
FαβFγδFf

αFγδπ;βπ;f − 6FαβFγ
α (2π)π;γβ

−
9
ϕ
FαβFγ

απ;γβϕ;δπ;δ −
18
ϕ
FαβFγ

α (2π)ϕ;γπ;β − 6Fα
β (2π)∇γFβγπ

;α

+ 6FαβFγ
α∇γπ;δπ

;βδ + 3FαβFγδR
αγπ;βπ;δ −

9ϕ2

4
FαβFγ

αFδ
βFf

γπ;δπ;f

−
18
ϕ
FαβFγδπ

;αγϕ;βπ;δ + 6Fαβ∇γFγδπ
;αδπ;β −

9
2
FαβFγδπ

;αγπ;βδ

+6Fα
β∇γFβδπ;γ

δπ;α +
18
ϕ
FαβFγ

απ;γδϕ;δπ
;β

)
− 3ϕ2G6XX

(
FαβFγ

απ;βπ;γ(2π)2 + 2FαβFγδ (2π)π;αγπ;βπ;δ

−FαβFγ
απ;δκπ

;δκπ;βπ;γ − 2FαβFγδπ;α
κπ;κ

γπ;βπ;δ
)



Let us similarly do the KK for the DHOST theory

S =

∫
d4x

√
−g (L2 + L3 + L4 + L5) ,

L2 = F (π,X ),

L3 = K (π,X )2π,

L4 = f2(π,X )R +
5∑

i=1

ai (π,X ) L
(2)
i ,

L5 = f3(π,X )Gµνπ;µν +
10∑
j=1

bj(π,X ) L
(3)
j ,

we put ϕ = const
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√
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i ,
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L5d
DHOSTπ

→ LKK
DHOSTπ

= LDHOSTπ
+ LA ,

LDHOSTπ
∼ L5d

DHOSTπ
,

LA = − f2(π,X )

4
FµνF

µν +
a1(π,X )

2
(Fµνπ

µ)2

+
f3(π,X )

8
(4Fµν∇ρF

νρπµ + FµνF
µν2π − 4Fµ

νFµρπνρ)

+
b2(π,X ) + b6(π,X )

2
(Fµνπ

µ)2 +
b3(π,X )

4
FµνFρσπ

µρπνπσ
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• Now, one can forget about 5 dimension and KK procedure.
It can be considered a trick to obtain the desired Lagrangian LA

• Alternatively one can find the desired combinations among all
general types of terms
Might be more general, but much harder.



Profit

· We work with Generalized Galilean (or Horndeski) type of theories

· ∇2 in 5d action −→ ∇2 in 4d action
· no ∇3 in 5d action −→ no ∇3 in 4d action

or degeneracy in 5d action −→ degeneracy in 4d action
· (5d) −→ (4d) can be viewed as the change of variables

Profit 1) We obtained for the first time U(1) Gauge Vector Galileons
Scalar-Vector-Tensor theory with second derivatives in action



Profit

· We work with Generalized Galilean (or Horndeski) type of theories
· ∇2 in 5d action −→ ∇2 in 4d action

· no ∇3 in 5d action −→ no ∇3 in 4d action
or degeneracy in 5d action −→ degeneracy in 4d action

· (5d) −→ (4d) can be viewed as the change of variables
Profit 1) We obtained for the first time U(1) Gauge Vector Galileons

Scalar-Vector-Tensor theory with second derivatives in action



Profit

· We work with Generalized Galilean (or Horndeski) type of theories
· ∇2 in 5d action −→ ∇2 in 4d action
· no ∇3 in 5d action −→ no ∇3 in 4d action

or degeneracy in 5d action −→ degeneracy in 4d action

· (5d) −→ (4d) can be viewed as the change of variables
Profit 1) We obtained for the first time U(1) Gauge Vector Galileons

Scalar-Vector-Tensor theory with second derivatives in action



Profit

· We work with Generalized Galilean (or Horndeski) type of theories
· ∇2 in 5d action −→ ∇2 in 4d action
· no ∇3 in 5d action −→ no ∇3 in 4d action

or degeneracy in 5d action −→ degeneracy in 4d action
· (5d) −→ (4d) can be viewed as the change of variables

Profit 1) We obtained for the first time U(1) Gauge Vector Galileons
Scalar-Vector-Tensor theory with second derivatives in action



Profit

· We work with Generalized Galilean (or Horndeski) type of theories
· ∇2 in 5d action −→ ∇2 in 4d action
· no ∇3 in 5d action −→ no ∇3 in 4d action

or degeneracy in 5d action −→ degeneracy in 4d action
· (5d) −→ (4d) can be viewed as the change of variables

Profit 1) We obtained for the first time U(1) Gauge Vector Galileons
Scalar-Vector-Tensor theory with second derivatives in action



L4A = −ϕ2

4
G4FαβF

αβ + ϕ2G4XFαγF
α

βπ
;βπ;γ

L5A = G5ϕ
2
(

1
2
FαβFα

γπ;βγ − 1
8
FαβFαβ2π +

1
2
Fαβ∇γFαγπ;β

)
+ G5ϕ

2
(

3
2ϕ

FαβFα
γϕ;βπ;γ − 3

8ϕ
FαβFαβϕ

;γπ;γ

)
+ G5Xϕ

2
(

1
2
FαβFα

γ (2π)π;βπ;γ − 1
2
FαβF γδπ;αγπ;βπ;δ

)



L6A =G6ϕ
2
(

3
8
FαβF

αβR −
9
4ϕ

FαβF
αβ (2ϕ) +

9ϕ2

64
FαβFγδF
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+
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3
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9
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ϕ
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)
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(
FαβFγ

απ;βπ;γ(2π)2 + 2FαβFγδ (2π)π;αγπ;βπ;δ

−FαβFγ
απ;δκπ

;δκπ;βπ;γ − 2FαβFγδπ;α
κπ;κ

γπ;βπ;δ
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Profit

· We work with Generalized Galilean (or Horndeski) type of theories
· ∇2 in 5d action −→ ∇2 in 4d action
· no ∇3 in 5d action −→ no ∇3 in 4d action

or degeneracy in 5d action −→ degeneracy in 4d action
· (5d) −→ (4d) can be viewed as the change of variables

Profit 1) We obtained for the first time U(1) Gauge Vector Galileons
Scalar-Vector-Tensor theory with second derivatives in action

Profit 2) Phenomenologically favored by GW170817
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Modifications of Maxwell theory that are obtained from KK are selftuned
in a way, so gravitons and photons propagate at the same speed for wide
class of Generalized Galileon theories.

c2
g = c2

This is not very surprising, since both modes comes from 5-dimensional
metric.



Modern Universe cosmology

• For Horndeski theory (and beyond Horndeski and DHOST theories)

• There is an additional phenomenological restriction,
if we study modern Universe (models of dark energy and dark
matter)

GW 170817
• Speed of gravitational waves is very close to the speed of light

cT ≈ c

| cTc − 1| < 10−15

• Since speeds are very close we assume cT = c to be a natural
property of the theory

(without constrains on the background)

• For trivial Maxwell electrodynamics (c = 1) it means cT = 1 too.

• For KK modified Maxwell c2 = c2
T ̸= 1
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• scalar-tensor theories have two dynamical sectors

S =

∫
dtd3xa3

[GT

8

(
ḣTik

)2
− FT

8a2

(
∂ih

T
kl

)2
+ GS ζ̇

2 −FS
(∂iζ)

2

a2

]

• Instead we consider additional U(1) vector field

S =

∫
dtd3xa3

[GT

8

(
ḣTik

)2
− FT

8a2

(
∂ih

T
kl

)2
+ GV Ȧ

2
i −FV

(∂jAi )
2

a2

]
The speeds of sound for tensor and vector modes are, respectively,

c2
T =

FT

GT
, c2 = c2

V =
FV

GV
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• Horndeski theory:

GT = 2G4 − 4G4XX + G5πX − 2HG5XX π̇,

FT = 2G4 − G5πX − 2G5XX π̈.

• beyond Horndeski theory:

GT = 2G4 − 4G4XX + G5πX − 2HG5XX π̇ + 2F4X
2 + 6HF5X

2π̇,

FT = 2G4 − G5πX − 2G5XX π̈.

• DHOST theory:

Gτ = 2f2 + 2π̈Xf3,X − Xf3,π − 2Xa1

+ 2X (3π̇H + π̈)b2 + 6π̇XHb3 + 2π̈X 2b6 ,

Fτ = 2f2 − 2π̈Xf3,X + Xf3,π ,



conventional Maxwell c = 1

• Horndeski:
• G4 = G4(π)

• G5 = const

• Beyond Horndeski
• F4 = 2G4X

X

• G5 = const

• DHOST
• a1 = 0
• f3 = 0 , bi = 0



Modified Maxwell
• Horndeski:

G4 = G4(π,X )

G5 = G5(π)

• Beyond Horndeski
G4 = G4(π,X )

F4 = F4(π,X )

G5 = G5(π)

• DHOST
f2 = f2(π,X )

a1 = a1(π,X )

a3 = a3(π,X )



Final Remarks

• Some subclasses of luminal Horndeski with modified Maxwell were
known by disformal trick
BH with F4 = 2G4X

X disformal transformation−−−−−−−−−−−−−−−−−−→ H + modified EM

and cT = c = 1 with cT = c ̸= 1

• There are ”no decay” constraints, calculated in BH
Gravitational waves are registered: gµν��−→ππ

• The constraints totally close BH with cT = c = 1 and all
disformally related theories

• Our KK BH with cT = c ̸= 1 can obey the constraints non-trivially

F4 =
1

2X 2

(
2G4 − X (4G4,X + G5,π) +

4J4(π)

2G4 + XG5,π

)
! Dark Energy can be made with beyond Horndeski theory
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• Same speeds relation holds above spherically symmetrical dynamical
background

2 tensor modes 2 vector modes 2 scalars
↙↘ ↙↘ ⇓

odd even odd even 2 even
↘ ↙

Odd sector of the theory (graviton+photon)

• Vainshtein mechanism works for modified Maxwell similarly to
modified gravity
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Conclusion and outlook
▶ beyond Horndeski theory is OK for modern Universe

▶ There are gauge vector galileons

We observe, that Kaluza-Klein inspired modifications are
phenomenologically favored
▶ Yet another, now experimental indication, that Kaluza’s idea is

correct

▶ To do:

▶ General couplings
▶ No decay for DHOST
▶ No decay for photons
▶ Explicit Vainshtein calculation
▶ Different compactifications

Thank you for your attention!
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