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Introduction

Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

Single-field inflation models are very consistent with CMB observations

We don’t know the shape of the potential yet. 
We are not sure if the inflation is driven by potential energy.
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is curved.24)

To preserve the second-order nature of field equations, the “covariantization”
of the Galileon has been proposed by Deffayet et al.24) where the theory is no
longer Galilean invariant. This line of analysis has been further pursued recently to
yield a more generic class of higher-derivative theories that result in second-order
field equations.25) In this theory, the Galilean invariance is absent even in the flat
spacetime limit.

The purpose of this paper is to provide a comprehensive and thorough study
of the most general non-canonical and non-minimally coupled single-field inflation
models yielding second-order field equations making use of Ref. 25), which is the most
general extension of the Galileons but is no longer based on a symmetry argument.
It would be nice if one could develop a new class of viable inflation models fully
respecting the Galileon symmetry, φ → φ+ bµxµ + c, as was attempted in Refs. 21),
22), but such a symmetry must be actually broken to construct a phenomenologically
viable inflation model, namely, to terminate inflation and reheat the Universe. Thus,
our strategy here is more similar to the G-inflation model14) and is indeed the most
general extension of it. Hence, one may call the model presented here as Generalized
G-inflation or G2-inflation.

Special cases of the generalized Galileons can be derived from a relativistic probe
brane embedded in a five-dimensional bulk,26)–29) and hence, they are possibly re-
lated to fundamental theory and particle physics. The scalar field theories we are go-
ing to study thus include not only all the previous examples considered in the context
of single-field inflation, but also recent developments and their further generaliza-
tion. We clarify the generic behavior of the inflationary background and investigate
the nature of primordial tensor and scalar perturbations at linear order. Given a
specific model, our formulas are helpful to determine the evolution of cosmological
perturbations and its observational consequences.

This paper is organized as follows. In the next section, we define the scalar-field
theories that we consider. We then provide the background cosmological equations
in §3, and explore two possible inflationary mechanisms. In §4, cosmological pertur-
bations are considered and the quadratic actions for tensor and scalar perturbations
are computed, which are used to give stability conditions and evaluate the primordial
power spectra. Our conclusion is drawn in §5.

§2. Generalized Higher-order Galileons and Kinetic Gravity Braiding

Galileons10) and their covariant extension24) have been further generalized re-
cently to yield the most general scalar field theories having second-order field equa-
tions.25) The first two terms of the generalized Lagrangian corresponding to (∂φ)2

and (∂φ)2✷φ in the original theory are given by13), 14)

L2 = K(φ,X), (2.1)

L3 = −G3(φ,X)✷φ, (2.2)

Generalized G-inflation 3

where K and G3 are generic functions of φ and X := −∂µφ∂µφ/2. Similarly, higher-
order Galileons can be generalized to give25)

L4 = G4(φ,X)R +G4X

[

(✷φ)2 − (∇µ∇νφ)
2
]

, (2.3)

L5 = G5(φ,X)Gµν∇µ∇νφ−
G5X

6

[

(✷φ)3 − 3 (✷φ) (∇µ∇νφ)
2 + 2 (∇µ∇νφ)

3
]

,(2.4)

where R is the Ricci tensor, Gµν is the Einstein tensor, (∇µ∇νφ)2 = ∇µ∇νφ∇µ∇νφ,
(∇µ∇νφ)3 = ∇µ∇νφ∇ν∇λφ∇λ∇µφ, and GiX = ∂Gi/∂X. Setting G3 = X, G4 =
X2, and G5 = X2, the above Lagrangians reproduce the covariant Galileons intro-
duced in Ref. 24). The non-minimal couplings to gravity in L4 and L5 are necessary
to eliminate higher derivatives that would otherwise appear in the field equations.
Note that we do not need a separate gravitational Lagrangian other than L4; for
G4 = M2

Pl/2, L4 reduces to the Einstein-Hilbert term. We also obtain a non-minimal
coupling of the form f(φ)R from L4 by taking G4 = f(φ). The non-standard kinetic
term Gµν∂µφ∂νφ that is considered, such as in Ref. 30), turns out to be a special case
G5 ∝ φ of L5 after integration by parts. Equation (24) of Ref. 31), which is obtained
from a Kaluza-Klein compactification of higher-dimensional Lovelock gravity, turns
out to be equivalent to L5 with G5 = −3X/2.

We thus consider a gravity + scalar system described by the action

S =
5
∑

i=2

∫

d4x
√
−gLi, (2.5)

which is the most general single scalar theory resulting in equations of motion con-
taining derivatives up to second order. This action contains only four independent
arbitrary functions of φ and X. This theory represents a general class of single-field
inflation, including models that have not been studied so far, as well as almost all the
previously known models such as potential-driven slow-roll inflation,3) k-inflation,5)

extended inflation,32) and even new Higgs inflation30) as special cases.∗)

Note in passing that

XR+ (✷φ)2 − (∇µ∇νφ)
2 = Gµν∇µφ∇νφ+ total derivative

= −φGµν∇µ∇νφ+ total derivative,

which implies that L4 with G4 = X and L5 with G5 = −φ are equivalent. Similarly,
L3 with G3 = f(φ) and L2 with K = −2Xfφ coincide up to total derivative. These
facts can be used to check the calculations.

§3. Background equations

Let us derive the equations of motion describing the background evolution from
(2.5). The easiest way is to substitute φ = φ(t) and the metric ds2 = −N2(t)dt2 +

∗) Even the curvature-square inflation model as well as more general f(R) inflation,2), 33) which
do not contain any scalar field and result in fourth-order equations of motion, can be recast in the
present form by defining a new field as φ = df/dR.

E.O.M are second-order diff. eqs.

(No additional pole appears in the propagators of graviton/scalar)

G. W. Horndeski (1974)

C. Deffayet et al. (2011)

T. Kobayashi, M. Yamaguchi, J. Yokoyama (2011)

X = �1

2
(@�)2
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∗) Even the curvature-square inflation model as well as more general f(R) inflation,2), 33) which
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Can we embed this model into some UV theory?

G. W. Horndeski (1974)

C. Deffayet et al. (2011)

T. Kobayashi, M. Yamaguchi, J. Yokoyama (2011)
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Supersymmetry (SUSY)

Symmetry between particles with different spins

Q|Bi = |F i, Q|F i = |Bi
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In (N=1) minimal supersymmetry, 
1 boson & 1 fermion forms a SUSY “pair”
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Problems in constructing the Horndeski model in supergravity

• # of fermion d.o.f = 2 → # of scalar d.o.f = 2 
• we cannot fine-tune the Lagrangian to avoid ghosts

Supersymmetry (SUSY)

Symmetry between particles with different spins



SUSY higher-derivatives

What kind of ghost-free higher-derivatives 
 are allowed in supergravity ?

Ghost-free higher-derivative terms within supergravity :

L̃2 = T (�, �̄, @�, @�̄)(@�)2(@�̄)2
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→ Only a few of them are known

2 T. Kobayashi, M. Yamaguchi, and J. Yokoyama

is curved.24)

To preserve the second-order nature of field equations, the “covariantization”
of the Galileon has been proposed by Deffayet et al.24) where the theory is no
longer Galilean invariant. This line of analysis has been further pursued recently to
yield a more generic class of higher-derivative theories that result in second-order
field equations.25) In this theory, the Galilean invariance is absent even in the flat
spacetime limit.

The purpose of this paper is to provide a comprehensive and thorough study
of the most general non-canonical and non-minimally coupled single-field inflation
models yielding second-order field equations making use of Ref. 25), which is the most
general extension of the Galileons but is no longer based on a symmetry argument.
It would be nice if one could develop a new class of viable inflation models fully
respecting the Galileon symmetry, φ → φ+ bµxµ + c, as was attempted in Refs. 21),
22), but such a symmetry must be actually broken to construct a phenomenologically
viable inflation model, namely, to terminate inflation and reheat the Universe. Thus,
our strategy here is more similar to the G-inflation model14) and is indeed the most
general extension of it. Hence, one may call the model presented here as Generalized
G-inflation or G2-inflation.

Special cases of the generalized Galileons can be derived from a relativistic probe
brane embedded in a five-dimensional bulk,26)–29) and hence, they are possibly re-
lated to fundamental theory and particle physics. The scalar field theories we are go-
ing to study thus include not only all the previous examples considered in the context
of single-field inflation, but also recent developments and their further generaliza-
tion. We clarify the generic behavior of the inflationary background and investigate
the nature of primordial tensor and scalar perturbations at linear order. Given a
specific model, our formulas are helpful to determine the evolution of cosmological
perturbations and its observational consequences.

This paper is organized as follows. In the next section, we define the scalar-field
theories that we consider. We then provide the background cosmological equations
in §3, and explore two possible inflationary mechanisms. In §4, cosmological pertur-
bations are considered and the quadratic actions for tensor and scalar perturbations
are computed, which are used to give stability conditions and evaluate the primordial
power spectra. Our conclusion is drawn in §5.

§2. Generalized Higher-order Galileons and Kinetic Gravity Braiding

Galileons10) and their covariant extension24) have been further generalized re-
cently to yield the most general scalar field theories having second-order field equa-
tions.25) The first two terms of the generalized Lagrangian corresponding to (∂φ)2

and (∂φ)2✷φ in the original theory are given by13), 14)

L2 = K(φ,X), (2.1)

L3 = −G3(φ,X)✷φ, (2.2)

Generalized G-inflation 3

where K and G3 are generic functions of φ and X := −∂µφ∂µφ/2. Similarly, higher-
order Galileons can be generalized to give25)

L4 = G4(φ,X)R +G4X

[

(✷φ)2 − (∇µ∇νφ)
2
]

, (2.3)

L5 = G5(φ,X)Gµν∇µ∇νφ−
G5X

6

[

(✷φ)3 − 3 (✷φ) (∇µ∇νφ)
2 + 2 (∇µ∇νφ)

3
]

,(2.4)

where R is the Ricci tensor, Gµν is the Einstein tensor, (∇µ∇νφ)2 = ∇µ∇νφ∇µ∇νφ,
(∇µ∇νφ)3 = ∇µ∇νφ∇ν∇λφ∇λ∇µφ, and GiX = ∂Gi/∂X. Setting G3 = X, G4 =
X2, and G5 = X2, the above Lagrangians reproduce the covariant Galileons intro-
duced in Ref. 24). The non-minimal couplings to gravity in L4 and L5 are necessary
to eliminate higher derivatives that would otherwise appear in the field equations.
Note that we do not need a separate gravitational Lagrangian other than L4; for
G4 = M2

Pl/2, L4 reduces to the Einstein-Hilbert term. We also obtain a non-minimal
coupling of the form f(φ)R from L4 by taking G4 = f(φ). The non-standard kinetic
term Gµν∂µφ∂νφ that is considered, such as in Ref. 30), turns out to be a special case
G5 ∝ φ of L5 after integration by parts. Equation (24) of Ref. 31), which is obtained
from a Kaluza-Klein compactification of higher-dimensional Lovelock gravity, turns
out to be equivalent to L5 with G5 = −3X/2.

We thus consider a gravity + scalar system described by the action

S =
5
∑

i=2

∫

d4x
√
−gLi, (2.5)

which is the most general single scalar theory resulting in equations of motion con-
taining derivatives up to second order. This action contains only four independent
arbitrary functions of φ and X. This theory represents a general class of single-field
inflation, including models that have not been studied so far, as well as almost all the
previously known models such as potential-driven slow-roll inflation,3) k-inflation,5)

extended inflation,32) and even new Higgs inflation30) as special cases.∗)

Note in passing that

XR+ (✷φ)2 − (∇µ∇νφ)
2 = Gµν∇µφ∇νφ+ total derivative

= −φGµν∇µ∇νφ+ total derivative,

which implies that L4 with G4 = X and L5 with G5 = −φ are equivalent. Similarly,
L3 with G3 = f(φ) and L2 with K = −2Xfφ coincide up to total derivative. These
facts can be used to check the calculations.

§3. Background equations

Let us derive the equations of motion describing the background evolution from
(2.5). The easiest way is to substitute φ = φ(t) and the metric ds2 = −N2(t)dt2 +

∗) Even the curvature-square inflation model as well as more general f(R) inflation,2), 33) which
do not contain any scalar field and result in fourth-order equations of motion, can be recast in the
present form by defining a new field as φ = df/dR.

cf.
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model

supergravity

We cannot realize complete Horndeski action 
 within supergravity???

SUSY higher-derivatives

Non-supersymmetric models



supergravity

This seems the answer

SUSY higher-derivatives

Non-supersymmetric models

What about low energy theory below 
 spontaneous SUSY breaking ?

Horndeski-
model



In reality, SUSY should be (spontaneously) broken 
because we have never observed such new particles

Spontaneous SUSY breaking

→ Mass splitting between fermion & boson

(�, )
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e.g. in SUSY standard model



Spontaneous SUSY breaking

→ Mass splitting between fermion & boson
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It is also possible to split masses of real scalars
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If mass splitting happens,  
some components decouple from low energy theory
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e.g. in SUSY standard model

In reality, SUSY should be (spontaneously) broken 
because we have never observed such new particles



Nonlinear supergravity

How can we express decoupling of boson/fermion 
in a manifestly supersymmetric way??

Supersymmetry multiplets are well described by superfields

�(x, ✓) = �(x) +
p
2✓ (x) + ✓✓F (x)
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The decoupling of components can be 
 realized by imposing some constraints on superfields

e.g.  

�2(x, ✓) = 0
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Scalar d.o.f. disappears due to the constraint = scalar decoupling

e.g.  



Nonlinear supergravity

S(x, ✓) =
 S S
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+

p
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Goldstino superfield

S2(x, ✓) = 0
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satisfying 

Simplest supergravity model with positive c.c. =

 Pure de Sitter supergravity

No scalar field

E. Bergshoeff et al (2015)

F. Hasegawa, YY (2015)



Nonlinear supergravity

S(x, ✓) =
 S S

2FS
+

p
2✓ S + ✓✓FS

<latexit sha1_base64="SIw2Oiw1x+oZa/eH+MjbdEO0Z3k="></latexit>

Goldstino superfield

S2(x, ✓) = 0
<latexit sha1_base64="VtPiVWUCWv1U7fo0pmRqvEqjkfY=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAIESTsRkEvQtCLx4jmAckaZiezyZDZ2WWmV4xLvsSLB0W8+ine/Bsnj4MmFjQUVd10d/mx4Boc59vKLC2vrK5l13Mbm1vbeXtnt66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jDH1yN/cYDU5pH8g6GMfNC0pM84JSAkTp2/va+XHw8bkOfATm6cDp2wSk5E+BF4s5IAc1Q7dhf7W5Ek5BJoIJo3XKdGLyUKOBUsFGunWgWEzogPdYyVJKQaS+dHD7Ch0bp4iBSpiTgifp7IiWh1sPQN50hgb6e98bif14rgeDcS7mME2CSThcFicAQ4XEKuMsVoyCGhhCquLkV0z5RhILJKmdCcOdfXiT1csk9KZVvTguVy1kcWbSPDlARuegMVdA1qqIaoihBz+gVvVlP1ov1bn1MWzPWbGYP/YH1+QP2AJH8</latexit>

satisfying 

Simplest supergravity model with positive c.c. =

 Pure de Sitter supergravity

No scalar field

E. Bergshoeff et al (2015)

F. Hasegawa, YY (2015)



Simplest supergravity model with positive c.c. =

 Pure de Sitter supergravity

Nonlinear supergravity

S =

Z
d4x

Z
d4✓E(�3e�SS̄/3) +

✓Z
d2⇥2E(µ2S +W0) + h.c.

◆�

<latexit sha1_base64="c7QUq9B6plkmXm2VnafySGpjKpU="></latexit>

In SUSY unitary gauge

⇤4 = µ4 � 3W 2
0

<latexit sha1_base64="mwp/zWDfEOSUUi+hcdybzbRg7hw=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0vSFnQjFN24cFHBPqBJw2QyaYfOJGFmIpTYhb/ixoUibv0Nd/6N0zYLbT0wcDjnXO6d4yeMSmVZ38bS8srq2npho7i5tb2za+7tt2ScCkyaOGax6PhIEkYj0lRUMdJJBEHcZ6TtD68nfvuBCEnj6F6NEuJy1I9oSDFSWvLMQ+dWhwPUq106PO3Vzqptz+pVPLNkla0p4CKxc1ICORqe+eUEMU45iRRmSMqubSXKzZBQFDMyLjqpJAnCQ9QnXU0jxIl0s+n9Y3iilQCGsdAvUnCq/p7IEJdyxH2d5EgN5Lw3Ef/zuqkKL9yMRkmqSIRni8KUQRXDSRkwoIJgxUaaICyovhXiARIIK11ZUZdgz395kbQqZbtartzVSvWrvI4COALH4BTY4BzUwQ1ogCbA4BE8g1fwZjwZL8a78TGLLhn5zAH4A+PzB7oIlJ0=</latexit>

tuning the parameters, dS is realized

L = �e

"
1

2
R+ "klmn ̄k�̄lD̃m n �W0( a�

ab b + h.c.)� (µ2 � 3W 2
0 )

#

<latexit sha1_base64="JHQgFoSo3xs0NBtCjwWKV3VAswo=">AAACi3icbVFda9swFJW9ryxb16x73ItYGKSUGNsZtIwOSrfBHvbQjaUpRImRFdkRkWQjyYUg9Gf2k/a2fzPZycPW7oLgcM650tW5ec2ZNnH8OwgfPHz0+Envaf/Z84MXh4OXR9e6ahShU1LxSt3kWFPOJJ0aZji9qRXFIud0lm8+tvrslirNKvnDbGu6ELiUrGAEG09lg59IYLMmmNuv7sOYoktWlnyOCoWJTZxN3fcTdIsVrTXjlVzaDRf SoRwrizzlss0Oa1YK7DKODOMrapG/EH5ymWhNmRzPsnjUQbxzLi3OXUfkJxYpAdcRidzxeIREs0zHE+9fpsfdMGqRDYZxFHcF74NkD4ZgX1fZ4BdaVaQRVBrCsdbzJK7NwmJlGOHU9VGjaY3JBpd07qHEguqF7bJ08K1nVrColD/SwI79u8NiofVW5N7ZJqfvai35P23emOJsYZmsG0Ml2T1UNByaCraLgSumKDF86wEmivlZIVljvwfj19f3ISR3v3wfXKdRMonSb++GF5f7OHrgNXgDRiABp+ACfAFXYApI0Aui4DQ4Cw/CSfg+PN9Zw2Df8wr8U+HnPwrFxtk=</latexit>

 S = 0
<latexit sha1_base64="yZ6j0Yk6FwDPOUrDi1lXYRG0J7I=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIevEY0TwgWcPspJMMmZ1dZ2aFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7glhwbVz321laXlldW89t5De3tnd2C3v7dR0limGNRSJSzYBqFFxizXAjsBkrpGEgsBEMryd+4wmV5pG8N6MY/ZD2Je9xRo2Vmu1Y84e7S7dTKLoldwqySLyMFCFDtVP4ancjloQoDRNU65bnxsZPqTKcCRzn24nGmLIh7WPLUklD1H46vXdMjq3SJb1I2ZKGTNXfEykNtR6Fge0MqRnoeW8i/ue1EtO78FMu48SgZLNFvUQQE5HJ86TLFTIjRpZQpri9lbABVZQZG1HehuDNv7xI6uWSd1oq354VK1dZHDk4hCM4AQ/OoQI3UIUaMBDwDK/w5jw6L8678zFrXXKymQP4A+fzB3N0j5Q=</latexit>

No scalar field

E. Bergshoeff et al (2015)

F. Hasegawa, YY (2015)

S(x, ✓) =
 S S

2FS
+

p
2✓ S + ✓✓FS

<latexit sha1_base64="SIw2Oiw1x+oZa/eH+MjbdEO0Z3k="></latexit>

Goldstino superfield

S2(x, ✓) = 0
<latexit sha1_base64="VtPiVWUCWv1U7fo0pmRqvEqjkfY=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAIESTsRkEvQtCLx4jmAckaZiezyZDZ2WWmV4xLvsSLB0W8+ine/Bsnj4MmFjQUVd10d/mx4Boc59vKLC2vrK5l13Mbm1vbeXtnt66jRFFWo5GIVNMnmgkuWQ04CNaMFSOhL1jDH1yN/cYDU5pH8g6GMfNC0pM84JSAkTp2/va+XHw8bkOfATm6cDp2wSk5E+BF4s5IAc1Q7dhf7W5Ek5BJoIJo3XKdGLyUKOBUsFGunWgWEzogPdYyVJKQaS+dHD7Ch0bp4iBSpiTgifp7IiWh1sPQN50hgb6e98bif14rgeDcS7mME2CSThcFicAQ4XEKuMsVoyCGhhCquLkV0z5RhILJKmdCcOdfXiT1csk9KZVvTguVy1kcWbSPDlARuegMVdA1qqIaoihBz+gVvVlP1ov1bn1MWzPWbGYP/YH1+QP2AJH8</latexit>

satisfying 



Nonlinear supergravity

Consider an additional constrained chiral superfield

(�� �̄)S = 0
<latexit sha1_base64="zXjAZn6UN3DC5T4a1caaSIXiPO8=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3ASLUBeWpAq6EYpuXFa0F2hCmUwn7dDJJMxMhBqKr+LGhSJufQ93vo2TNgut/jDw8Z9zOGd+P2ZUKtv+MgoLi0vLK8XV0tr6xuaWub3TklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/usrq7XsiJI34nRrHxAvRgNOAYqS01TP3Km5jSI9dH4k0o8nR7YXdM8t21Z7K+gtODmXI1eiZn24/wklIuMIMSdl17Fh5KRKKYkYmJTeRJEZ4hAakq5GjkEgvnV4/sQ6107eCSOjHlTV1f06kKJRyHPq6M0RqKOdrmflfrZuo4NxLKY8TRTieLQoSZqnIyqKw+lQQrNhYA8KC6lstPEQCYaUDK+kQnPkv/4VWreqcVGs3p+X6ZR5HEfbhACrgwBnU4Roa0AQMD/AEL/BqPBrPxpvxPmstGPnMLvyS8fEN5nKUOA==</latexit>

�(x, ✓) = �(x) + · · ·
<latexit sha1_base64="/CZi6LukTtfEUPKp7nc5rFcXPrs=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVoUUpSBd0IRTcuK9gHNKFMJpN26OTBzI1YQldu/BU3LhRx6ze482+ctFlo9cCFM+fcy9x73JgzCab5pRUWFpeWV4qrpbX1jc0tfXunLaNEENoiEY9E18WSchbSFjDgtBsLigOX0447usr8zh0VkkXhLYxj6gR4EDKfEQxK6uv7dnPIKvfHNgwp4OqFHWfP6pFNvAhkXy+bNXMK4y+xclJGOZp9/dP2IpIENATCsZQ9y4zBSbEARjidlOxE0hiTER7QnqIhDqh00ukZE+NQKZ7hR0JVCMZU/TmR4kDKceCqzgDDUM57mfif10vAP3dSFsYJ0JDMPvITbkBkZJkYHhOUAB8rgolgaleDDLHABFRyJRWCNX/yX9Ku16yTWv3mtNy4zOMooj10gCrIQmeoga5RE7UQQQ/oCb2gV+1Re9betPdZa0HLZ3bRL2gf3613l/w=</latexit>

�(x, ✓) = �+ i�+
p
2✓ � + ✓✓F�

<latexit sha1_base64="8/0Ht58PCcJA5WpP0s4ou+nVNZE="></latexit>

vanishing in SUSY unitary gauge

(�+ i�, �)
<latexit sha1_base64="JdVv8bIO/6jwQf/l7Y6icB/uINI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBEqSkmqoMuiG5cV7AOaWCbTSTN0ZhJmJkIJXbnxV9y4UMSt3+DOv3HaZqGtBy4czrmXe+8JEkaVdpxva2FxaXlltbBWXN/Y3Nq2d3abKk4lJg0cs1i2A6QIo4I0NNWMtBNJEA8YaQWD67HfeiBS0Vjc6WFCfI76goYUI22krn1Q9pKInmSe5JCOPBzRU+glit579Yged+2SU3EmgPPEzUkJ5Kh37S+vF+OUE6ExQ0p1XCfRfoakppiRUdFLFUkQHqA+6RgqECfKzyZvjOCRUXowjKUpoeFE/T2RIa7UkAemkyMdqVlvLP7ndVIdXvoZFUmqicDTRWHKoI7hOBPYo5JgzYaGICypuRXiCEmEtUmuaEJwZ1+eJ81qxT2rVG/PS7WrPI4C2AeHoAxccAFq4AbUQQNg8AiewSt4s56sF+vd+pi2Llj5zB74A+vzB75RmAU=</latexit>

Only a single scalar is physical

pure de Sitter supergravity + this constrained superfield 
= a single-scalar & tensor system with massive gravitino



Horndeski action in supergravity

L =

Z
d4✓E

SS̄

D2SD̄2S̄

X

i=2,3,4,5

Fi

<latexit sha1_base64="DBnfIbGHRKhhq1KobP/zBk5O6nI="></latexit>

�̂ =
1

2
(�+ �̄)

<latexit sha1_base64="wi4UOGt4LTcEOusoQjKBPO55fd4="></latexit>

X =
1

2
Da�̂Da�̂

<latexit sha1_base64="GtW7A5+5nUhvXtU0Ru3bkGMJwMA="></latexit>

where

YY, J. Yokoyama (2019)

F2 = P (X , �̂)
<latexit sha1_base64="dfZ+vzrJSJpT2lcRfsyuC0E25OY=">AAACDnicbVDLSsNAFJ34rPUVdelmsBQqSEmqoBuhKIjLCvYBTQiT6aQdOpmEmYlQQr7Ajb/ixoUibl2782+ctFlo64GBM+fcy733+DGjUlnWt7G0vLK6tl7aKG9ube/smnv7HRklApM2jlgkej6ShFFO2ooqRnqxICj0Gen64+vc7z4QIWnE79UkJm6IhpwGFCOlJc+sOiFSI4xYepN5jctWLXX0B/ayE+iMkEqdeESzY8+sWHVrCrhI7IJUQIGWZ345gwgnIeEKMyRl37Zi5aZIKIoZycpOIkmM8BgNSV9TjkIi3XR6TgarWhnAIBL6cQWn6u+OFIVSTkJfV+bLy3kvF//z+okKLtyU8jhRhOPZoCBhUEUwzwYOqCBYsYkmCAuqd4V4hATCSidY1iHY8ycvkk6jbp/WG3dnleZVEUcJHIIjUAM2OAdNcAtaoA0weATP4BW8GU/Gi/FufMxKl4yi5wD8gfH5AxBam3o=</latexit>

F3 = �G3(X , �̂)(DaDa�̂)
<latexit sha1_base64="qQDatM9SAy0MsG7uDznkliOnEOE="></latexit>

F4 = G4(X , �̂)R̂s +G4X [(DaDa�̂)
2 � (DaDb�̂)

2]
<latexit sha1_base64="KerjGFnasp+E/mQaeL9sr51NA/Y="></latexit>

F5 = G5(X , �̂)ĜabDaDb�̂� 1

6
G5X (X , �̂)[(DaDa�̂)

3 � 3(DaDa�̂)(DbDc�̂)
2 + 2(DaDb�̂)

3]
<latexit sha1_base64="PMwTyxEahHF4S/GN/tqLgkNT8CI=">AAAC8nicfVLLbhMxFPUMrxAeTWHJxiJCmgoazSSk7QapAkRYFom0kTKT0R3H01j1PGR7KkWWP4MNi1aILV/Djr/Bk6QNtFWvZOn4nnOPr32dlJxJ5ft/HPfO3Xv3HzQeNh89fvJ0o7X57FAWlSB0SApeiFECknKW06FiitNRKShkCadHycmHmj86pUKyIv+q5iWNMjjOWcoIKJuKN51GmIGaEeD6k4n77wZx39Oh3eKReYPDGSgdljNmtpawJgZmoiExy81HE8MlStb67TAVQIKdQaz7F37mZuexd2EwWVtBLaj5r Umvud27XeKtO7hEZG3Qfd31bu/WHhLFrbbf8ReBr4NgBdpoFQdx63c4LUiV0VwRDlKOA79UkQahGOHUNMNK0hLICRzTsYU5ZFRGejEyg1/ZzBSnhbArV3iR/bdCQyblPEussp6PvMrVyZu4caXSvUizvKwUzcnyoLTiWBW4nj+eMkGJ4nMLgAhme8VkBnZWyv6Spn2E4OqVr4PDbifodbpf3rb336+eo4FeoJfIQwHaRfvoMzpAQ0ScwvnmnDnnrnK/uz/cn0up66xqnqP/wv31F6DF678=</latexit>

Consider the following couplings



Horndeski action in supergravity

L =

Z
d4✓E

SS̄

D2SD̄2S̄

X

i=2,3,4,5

Fi

<latexit sha1_base64="DBnfIbGHRKhhq1KobP/zBk5O6nI="></latexit>

Consider the following couplings

YY, J. Yokoyama (2019)

=P (X,�)�G3(X,�)r2�+G4(X,�)R̂

+G4X [(r2�)2 � (rmrn�)
2] +G5(X,�)Ĝmnrmrn�

� 1

6
G5X [(r2�)3 � 3(r2�)(rmrn�)

2 + 2(rmrn�)
3]

<latexit sha1_base64="r0AkBaRiEjh4Ht5w5moyXc2wyJM="></latexit>

All the Horndeski couplings are realized

Any difference?



!ab
m =� eka@[mebk] � elb@[le

a
m] + ekaelbemc@[ke

c
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� i

2
 m�

[a ̄b] � i

2
 [a�b] ̄m � i

2
 [a�m ̄

b]

<latexit sha1_base64="yKrtXKv3IV/YcivrahwaS/k2pps="></latexit>

Horndeski action in supergravity

Physical d.o.f. : graviton, (massive) gravitno, a real scalar 

(gµ⌫ , µ,�)
<latexit sha1_base64="ecXRbN9fEda8mbZB7pMPtPy9hVo=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCBlpgq6LLpxWcFeoFOGTJppQ5PMkItQhoIbX8WNC0Xc+hLufBvTdhZa/SHw5T/nkJw/ShlV2vO+nMLS8srqWnG9tLG5tb3j7u61VGIkJk2csER2IqQIo4I0NdWMdFJJEI8YaUej62m9fU+koom40+OU9DgaCBpTjLS1QvegMgizgJtAmMlpkCoa2ouFIT0J3bJX9WaCf8HPoQxyNUL3M+gn2HAiNGZIqa7vpbqXIakpZmRSCowiKcIjNCBdiwJxonrZbIcJPLZOH8aJtEdoOHN/TmSIKzXmke3kSA/VYm1q/lfrGh1f9jIqUqOJwPOHYsOgTuA0ENinkmDNxhYQltT+FeIhkghrG1vJhuAvrvwXWrWqf1at3Z6X61d5HEVwCI5ABfjgAtTBDWiAJsDgATyBF/DqPDrPzpvzPm8tOPnMPvgl5+MblHmXeQ==</latexit>

Gravitino couples to Horndeski sector

through super-gravitational couplings

Maybe, the gravitino coupling leads to some deviation 
 from non-SUSY Horndeski model



Summary
Energy

unbroken SUSY

SUSY

at very low energy scale,  
no consequences of SUSY

General Horndeski action  
can be realized

A few of Horndeski  
interactions are possible

Gravitino decoupling



Summary

We have embedded the Horndeski model into supergravity

SUSY restricts possible ghost-free higher-derivative terms

Once SUSY is spontaneously broken, 
more general couplings are allowed

Nonlinearly realized supergravity allows us 
 to construct the Horndeski model, 

which nontrivially couples to gravitino 


