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Scalar-tensor(S-T) theories
S-T theories : GR + new scalar fields
#DOFs of single scalar theories 2 + 1 = 3

gµ⌫ + �
<latexit sha1_base64="PHLmwGaPI4QfV1RAWfrgs/4Ck7U="></latexit><latexit sha1_base64="PHLmwGaPI4QfV1RAWfrgs/4Ck7U="></latexit><latexit sha1_base64="PHLmwGaPI4QfV1RAWfrgs/4Ck7U="></latexit>

Horndeski theory

beyond Horndeski (GLPV) theories

Generalized S-T theories :
Horndeski (1974), Deffayet, et al.(2011)

The most general theory
whose EOMs are at most 2nd-order

EOMs are higher-order, but after combining 
with each other, eqs. are at most 2nd-order

Gleyzes, et al. (2014)

Kobayashi, et al.(2012)

..Generalized theories have 3DOFs, 
but some special subclasses have only 2DOFs
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Cuscuton theory (1)
“Cuscuton” theory

S-T theory with 2DOFs
Afshordi, et al. (2007)

・Scalar field has a first-order equation

・Cosmological perturbations
the kinetic term of scalar perturbation vanishes

{
..Scalar DOF is nondynamical, not propagated
Therefore, propagating number of

on a cosmological background/in the unitary gauge

Features

= Scalar DOF has only a constraint equation

degrees of freedom is only 2
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Origin of the “Cuscuton”
Cuscuta

..The parasitic plant

..the equation of motion (of a scalar field) does not have any 
second order time derivatives and the field becomes a 
nondynamical field, which merely follows the dynamics of the 
fields that it couples to. Thus we call this field Cuscuton.

Afshordi, et al. (2007)

coils around
other plants

Cuscuta

In the first paper about Cuscuton theory,
Why “Cuscuton” ?
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Cuscuton theory (2)

X ⌘ @µ�@
µ�

<latexit sha1_base64="tsYuO7yscj4cuInPQi2azfvgKVU="></latexit><latexit sha1_base64="tsYuO7yscj4cuInPQi2azfvgKVU="></latexit><latexit sha1_base64="tsYuO7yscj4cuInPQi2azfvgKVU="></latexit>

µ = const.
<latexit sha1_base64="h7b0bpSilW5AMrvDN0vZI+UipXU="></latexit><latexit sha1_base64="h7b0bpSilW5AMrvDN0vZI+UipXU="></latexit><latexit sha1_base64="h7b0bpSilW5AMrvDN0vZI+UipXU="></latexit>

・Subclass of k-essence

S =

Z
d4x

p
�g


R

2
+ µ2
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|X|� V (�)

�

<latexit sha1_base64="VRfPYYl2/F5/YOFs5KGumadviDQ="></latexit><latexit sha1_base64="VRfPYYl2/F5/YOFs5KGumadviDQ="></latexit><latexit sha1_base64="VRfPYYl2/F5/YOFs5KGumadviDQ="></latexit>

�
<latexit sha1_base64="Q+WEEqLwen1t5+e3PJhnyhl8tFc="></latexit><latexit sha1_base64="Q+WEEqLwen1t5+e3PJhnyhl8tFc="></latexit><latexit sha1_base64="Q+WEEqLwen1t5+e3PJhnyhl8tFc="></latexit>

has a first-order E-L equation

S =

Z
d4x

p
�g


R

2
+ µ2�̇� V (�)

�

<latexit sha1_base64="4KFLOxFEIhBYE+qc8ZIRlNZHpSc="></latexit><latexit sha1_base64="4KFLOxFEIhBYE+qc8ZIRlNZHpSc="></latexit><latexit sha1_base64="4KFLOxFEIhBYE+qc8ZIRlNZHpSc="></latexit><latexit sha1_base64="4KFLOxFEIhBYE+qc8ZIRlNZHpSc="></latexit>

We can represent Cuscuton theory
as a part of Horndeski / beyond Horndeski

Action for Cuscuton theory

� = �(t)
<latexit sha1_base64="iuQlwyUHBggmIvdCePTV7tyGBdU="></latexit><latexit sha1_base64="iuQlwyUHBggmIvdCePTV7tyGBdU="></latexit><latexit sha1_base64="iuQlwyUHBggmIvdCePTV7tyGBdU="></latexit>

・In the unitary gauge ,
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 Horndeski / beyond Horndeski

Ai = Ai(t,N)
<latexit sha1_base64="uEWNVeMiOjmlEmobRJGFSts7EVo="></latexit><latexit sha1_base64="uEWNVeMiOjmlEmobRJGFSts7EVo="></latexit><latexit sha1_base64="uEWNVeMiOjmlEmobRJGFSts7EVo="></latexit>

Bi = Bi(t,N)
<latexit sha1_base64="nmIPTlwlcIvxG5KPidC+yetUcXI="></latexit><latexit sha1_base64="nmIPTlwlcIvxG5KPidC+yetUcXI="></latexit><latexit sha1_base64="nmIPTlwlcIvxG5KPidC+yetUcXI="></latexit>

(beyond) Horndeski in the unitary gauge
S =

Z
dtd3xN

p
�
⇥
A2 +A3K +A4

�
K2 �KijK

ij
�
+B4R

+A5

⇣
K3 � 3KKijK

ij + 2KijK
ikKj

k

⌘
+B5K

ijGij

i

<latexit sha1_base64="bmCuleuLPhY260q3ELiAyy8ltsM="></latexit><latexit sha1_base64="bmCuleuLPhY260q3ELiAyy8ltsM="></latexit><latexit sha1_base64="bmCuleuLPhY260q3ELiAyy8ltsM="></latexit><latexit sha1_base64="bmCuleuLPhY260q3ELiAyy8ltsM="></latexit>

�(t)
<latexit sha1_base64="HwQEIt1lnow0klVZRhjUu5/D/0E="></latexit><latexit sha1_base64="HwQEIt1lnow0klVZRhjUu5/D/0E="></latexit><latexit sha1_base64="HwQEIt1lnow0klVZRhjUu5/D/0E="></latexit><latexit sha1_base64="HwQEIt1lnow0klVZRhjUu5/D/0E="></latexit>

: arbitrary function

A2 = �V (t) +
�(t)

N
,

<latexit sha1_base64="jd7UMe2zrYhok9W8uXxnPlYDnfQ="></latexit><latexit sha1_base64="jd7UMe2zrYhok9W8uXxnPlYDnfQ="></latexit><latexit sha1_base64="jd7UMe2zrYhok9W8uXxnPlYDnfQ="></latexit><latexit sha1_base64="jd7UMe2zrYhok9W8uXxnPlYDnfQ="></latexit>

A3 = 0,
<latexit sha1_base64="8Nzja2GEv4/IYG7jiLNzguB0J94="></latexit><latexit sha1_base64="8Nzja2GEv4/IYG7jiLNzguB0J94="></latexit><latexit sha1_base64="8Nzja2GEv4/IYG7jiLNzguB0J94="></latexit><latexit sha1_base64="8Nzja2GEv4/IYG7jiLNzguB0J94="></latexit>

A5 = 0,
<latexit sha1_base64="uSnWNga6TnJb3+7UvBiug/khL4M="></latexit><latexit sha1_base64="uSnWNga6TnJb3+7UvBiug/khL4M="></latexit><latexit sha1_base64="uSnWNga6TnJb3+7UvBiug/khL4M="></latexit><latexit sha1_base64="uSnWNga6TnJb3+7UvBiug/khL4M="></latexit>

A4 = �1

2
,

<latexit sha1_base64="Ka79ZZNkhKFRNcPpQp8az9MnG6E="></latexit><latexit sha1_base64="Ka79ZZNkhKFRNcPpQp8az9MnG6E="></latexit><latexit sha1_base64="Ka79ZZNkhKFRNcPpQp8az9MnG6E="></latexit><latexit sha1_base64="Ka79ZZNkhKFRNcPpQp8az9MnG6E="></latexit>

B5 = 0
<latexit sha1_base64="7cVfGKC5DSDf+wjRuHqrDcDYL3s="></latexit><latexit sha1_base64="7cVfGKC5DSDf+wjRuHqrDcDYL3s="></latexit><latexit sha1_base64="7cVfGKC5DSDf+wjRuHqrDcDYL3s="></latexit><latexit sha1_base64="7cVfGKC5DSDf+wjRuHqrDcDYL3s="></latexit>

B4 =
1

2
,

<latexit sha1_base64="vrXZVp10WkwF/aNci13e7vQNsVM="></latexit><latexit sha1_base64="vrXZVp10WkwF/aNci13e7vQNsVM="></latexit><latexit sha1_base64="vrXZVp10WkwF/aNci13e7vQNsVM="></latexit><latexit sha1_base64="vrXZVp10WkwF/aNci13e7vQNsVM="></latexit>

Horndeski A4 = �B4 �NB4N , A5 =
N

6
B5N

<latexit sha1_base64="i289kEB3iiNdKaKWWv3Zcb8ixYY="></latexit><latexit sha1_base64="i289kEB3iiNdKaKWWv3Zcb8ixYY="></latexit><latexit sha1_base64="i289kEB3iiNdKaKWWv3Zcb8ixYY="></latexit><latexit sha1_base64="i289kEB3iiNdKaKWWv3Zcb8ixYY="></latexit>

“Horndeski conditions”(
<latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit><latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit><latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit><latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit>

(
<latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit> <latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit> <latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit> <latexit sha1_base64="CNGKo8t1HX1KxO9jwRFnYWIaof0="></latexit>

Cuscuton theory in Horndeski :

BN =
@B

@N
<latexit sha1_base64="s9ikIjsrQA1Mkf2UDiag/CSTgUE="></latexit><latexit sha1_base64="s9ikIjsrQA1Mkf2UDiag/CSTgUE="></latexit><latexit sha1_base64="s9ikIjsrQA1Mkf2UDiag/CSTgUE="></latexit><latexit sha1_base64="s9ikIjsrQA1Mkf2UDiag/CSTgUE="></latexit>
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Motivation of Our Study

We considered “Extended Cuscuton” theory
from Horndeski / beyond Horndeski

Are there more generalized theories
with 2DOFs in the unitary gauge?

Cuscuton

Horndeski
beyond Horndeski Extended

Cuscuton ??

Inclusion relation

(2DOFs in the unitary gauge)

(2DOFs in the unitary gauge)
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Extended Cuscuton

Homogeneous / isotropic spacetime :

ds2 = �N2(t)dt2 + a2(t)�ijdx
idxj

<latexit sha1_base64="U4CPZwjp91HaMbc6+STZ674Katg="></latexit><latexit sha1_base64="U4CPZwjp91HaMbc6+STZ674Katg="></latexit><latexit sha1_base64="U4CPZwjp91HaMbc6+STZ674Katg="></latexit>

GS =
4X

n=0

↵n(t,N)Hn

<latexit sha1_base64="Ss0MRJDDZ8LOxABIzeyVyT2eio0="></latexit><latexit sha1_base64="Ss0MRJDDZ8LOxABIzeyVyT2eio0="></latexit><latexit sha1_base64="Ss0MRJDDZ8LOxABIzeyVyT2eio0="></latexit>

Quadratic scalar action in the unitary gauge :

where

S(2) =

Z
dtd3xNa3


GS ⇣̇

2 � FS

a2
(@i⇣)

2

�

<latexit sha1_base64="7KC0Yt8MkbYvf1h6q27xu/aEmhk="></latexit><latexit sha1_base64="7KC0Yt8MkbYvf1h6q27xu/aEmhk="></latexit><latexit sha1_base64="7KC0Yt8MkbYvf1h6q27xu/aEmhk="></latexit>

H
<latexit sha1_base64="Jms1hzcu92wEh5lB2p23/S+aizA="></latexit><latexit sha1_base64="Jms1hzcu92wEh5lB2p23/S+aizA="></latexit><latexit sha1_base64="Jms1hzcu92wEh5lB2p23/S+aizA="></latexit>

: Hubble parameter

↵n = 0 (n = 0 ⇠ 4)
<latexit sha1_base64="r3Cnr+aoAeQ86YfhV7UIaQ9Wxdk="></latexit><latexit sha1_base64="r3Cnr+aoAeQ86YfhV7UIaQ9Wxdk="></latexit><latexit sha1_base64="r3Cnr+aoAeQ86YfhV7UIaQ9Wxdk="></latexit>

scalar DOF is not propagated

Scalar perturbation is not propagated
on a cosmological background / the unitary gauge

Definition of Extended Cuscuton

⇣
<latexit sha1_base64="vpB1J2rBEytLbiAFAv3fs9Jcgww="></latexit><latexit sha1_base64="vpB1J2rBEytLbiAFAv3fs9Jcgww="></latexit><latexit sha1_base64="vpB1J2rBEytLbiAFAv3fs9Jcgww="></latexit><latexit sha1_base64="vpB1J2rBEytLbiAFAv3fs9Jcgww="></latexit>

: Curvature
perturbation
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Extended Cuscuton
↵n = 0 (n = 0 ⇠ 4)

<latexit sha1_base64="t7H7FHUdA/j0N0wM38+ZHm7fh+U="></latexit><latexit sha1_base64="t7H7FHUdA/j0N0wM38+ZHm7fh+U="></latexit><latexit sha1_base64="t7H7FHUdA/j0N0wM38+ZHm7fh+U="></latexit>

are satisfied if the coefficient functions are

B4, B5
<latexit sha1_base64="KY+zs7NhSN9YHc6WA8VPaFgM0tY="></latexit><latexit sha1_base64="KY+zs7NhSN9YHc6WA8VPaFgM0tY="></latexit><latexit sha1_base64="KY+zs7NhSN9YHc6WA8VPaFgM0tY="></latexit>

are arbitrary

{
“Extended Cuscuton” theories) <latexit sha1_base64="D6f1eYQqPL7/khgiWMm2+ah/xy0="></latexit><latexit sha1_base64="D6f1eYQqPL7/khgiWMm2+ah/xy0="></latexit><latexit sha1_base64="D6f1eYQqPL7/khgiWMm2+ah/xy0="></latexit>

A2 = µ2 +
⌫2
N

+
2(µ4N + ⌫4)3

9N(µ5N + ⌫5)2
<latexit sha1_base64="5pZDOshKE9Gl5j+yIz9JRk6k4bQ="></latexit><latexit sha1_base64="5pZDOshKE9Gl5j+yIz9JRk6k4bQ="></latexit><latexit sha1_base64="5pZDOshKE9Gl5j+yIz9JRk6k4bQ="></latexit><latexit sha1_base64="5pZDOshKE9Gl5j+yIz9JRk6k4bQ="></latexit>

A3 = µ3 +
2(µ4N + ⌫4)2

3(µ5N + ⌫5)2
,

<latexit sha1_base64="PTlH1KyV2880PAqJv7rniiIjRag="></latexit><latexit sha1_base64="PTlH1KyV2880PAqJv7rniiIjRag="></latexit><latexit sha1_base64="PTlH1KyV2880PAqJv7rniiIjRag="></latexit><latexit sha1_base64="PTlH1KyV2880PAqJv7rniiIjRag="></latexit>

A4 =
N(µ4N + ⌫4)

(µ5N + ⌫5)2
,

<latexit sha1_base64="LoTjJVrbaWbz0q9HtOwoToUHpCY="></latexit><latexit sha1_base64="LoTjJVrbaWbz0q9HtOwoToUHpCY="></latexit><latexit sha1_base64="LoTjJVrbaWbz0q9HtOwoToUHpCY="></latexit><latexit sha1_base64="LoTjJVrbaWbz0q9HtOwoToUHpCY="></latexit>

A5 =
N2

(µ5N + ⌫5)2
,

<latexit sha1_base64="ShtzSqUr1128ouUCENNQvhJ6Tlo="></latexit><latexit sha1_base64="ShtzSqUr1128ouUCENNQvhJ6Tlo="></latexit><latexit sha1_base64="ShtzSqUr1128ouUCENNQvhJ6Tlo="></latexit><latexit sha1_base64="ShtzSqUr1128ouUCENNQvhJ6Tlo="></latexit>

Subclass of the beyond Horndeski
・Horndeski conditions are not satisfied

vi = vi(t)
<latexit sha1_base64="69vSa11pTpVshVrSoIRiP3InMr0="></latexit><latexit sha1_base64="69vSa11pTpVshVrSoIRiP3InMr0="></latexit><latexit sha1_base64="69vSa11pTpVshVrSoIRiP3InMr0="></latexit>

ui = ui(t)
<latexit sha1_base64="thVRXAWwEBXW7yfbrw/SsNKvt/c="></latexit><latexit sha1_base64="thVRXAWwEBXW7yfbrw/SsNKvt/c="></latexit><latexit sha1_base64="thVRXAWwEBXW7yfbrw/SsNKvt/c="></latexit>
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Cosmological Perturbations

L = LbH + L�
<latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit>

GS =
4X

n=0

↵n(t,N)Hn = 0
<latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit>

with

L� = P (Y ),
<latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit>

Y ⌘ �1

2
@µ�@

µ�
<latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit>

matter�
<latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit>

sector :

c2� =
PY

PY + 2Y PY
<latexit sha1_base64="IoYr3FgJNuuzkFhjIhr48SJ0xlk="></latexit><latexit sha1_base64="IoYr3FgJNuuzkFhjIhr48SJ0xlk="></latexit><latexit sha1_base64="IoYr3FgJNuuzkFhjIhr48SJ0xlk="></latexit><latexit sha1_base64="IoYr3FgJNuuzkFhjIhr48SJ0xlk="></latexit>

・Sound speed of �
<latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit>

:

⇢� = 2Y PY � P
<latexit sha1_base64="UFdvjMduLtnoO6yh+PmBnEnfuh8="></latexit><latexit sha1_base64="UFdvjMduLtnoO6yh+PmBnEnfuh8="></latexit><latexit sha1_base64="UFdvjMduLtnoO6yh+PmBnEnfuh8="></latexit><latexit sha1_base64="UFdvjMduLtnoO6yh+PmBnEnfuh8="></latexit>

・Energy density of �
<latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit>

:

Null energy condition :

The full Extended Cuscuton with matter

⇢� + P > 0
<latexit sha1_base64="GFDcpi9t54KJ3jmBg+bTUGZsbjk="></latexit><latexit sha1_base64="GFDcpi9t54KJ3jmBg+bTUGZsbjk="></latexit><latexit sha1_base64="GFDcpi9t54KJ3jmBg+bTUGZsbjk="></latexit><latexit sha1_base64="GFDcpi9t54KJ3jmBg+bTUGZsbjk="></latexit>

PY =
@P

@Y
<latexit sha1_base64="ohEtjFbEIRa1ombzGJloYBNtE4I="></latexit><latexit sha1_base64="ohEtjFbEIRa1ombzGJloYBNtE4I="></latexit><latexit sha1_base64="ohEtjFbEIRa1ombzGJloYBNtE4I="></latexit><latexit sha1_base64="ohEtjFbEIRa1ombzGJloYBNtE4I="></latexit>
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Cosmological Perturbations

N = 1 + �N, Ni = @i , �ij = a2e2⇣�ij
<latexit sha1_base64="zj1W6Vd3A9vI6qkOjIfwPphrVOs="></latexit><latexit sha1_base64="zj1W6Vd3A9vI6qkOjIfwPphrVOs="></latexit><latexit sha1_base64="zj1W6Vd3A9vI6qkOjIfwPphrVOs="></latexit><latexit sha1_base64="zj1W6Vd3A9vI6qkOjIfwPphrVOs="></latexit>

⇣̃ ⌘ ⇣ � ⇥

GT

��

�̇
<latexit sha1_base64="eLYJEUEcYmiROj5MFYEi8uOzflI="></latexit><latexit sha1_base64="eLYJEUEcYmiROj5MFYEi8uOzflI="></latexit><latexit sha1_base64="eLYJEUEcYmiROj5MFYEi8uOzflI="></latexit><latexit sha1_base64="eLYJEUEcYmiROj5MFYEi8uOzflI="></latexit>

�(xµ) ! �(t) + ��(t, ~x)
<latexit sha1_base64="2xV/hMTm/JPp8a/ayIlME3UARMM="></latexit><latexit sha1_base64="2xV/hMTm/JPp8a/ayIlME3UARMM="></latexit><latexit sha1_base64="2xV/hMTm/JPp8a/ayIlME3UARMM="></latexit><latexit sha1_base64="2xV/hMTm/JPp8a/ayIlME3UARMM="></latexit>

・Scalar perturbations :

・Field redefinition :

L = LbH + L�
<latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit><latexit sha1_base64="VlJPCXvCrzw/PGmmCBGP+8J0slo="></latexit>

GS =
4X

n=0

↵n(t,N)Hn = 0
<latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit><latexit sha1_base64="9FT3iRYNBRwRXfeboVym6sFaczg="></latexit>

with

L� = P (Y ),
<latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit><latexit sha1_base64="f72Qk+qYNwGy+VDGH2Ch9U2j684="></latexit>

Y ⌘ �1

2
@µ�@

µ�
<latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit><latexit sha1_base64="h2Wsn/GIFJQJmGskh2kxa4cofIw="></latexit>

matter�
<latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit><latexit sha1_base64="HKqhl5FYY5kbJqeOXMlPDeLiEHs="></latexit>

sector :

The full Extended Cuscuton with matter

: functions of GT , ⇥
<latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit>

Ai, Bi, H
<latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit>
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Cosmological Perturbations
In Fourier space,

B ⌘ ⌥
G2
T (⇢� + P )

2⇥2

k4/a4 + �1k2/a2 + �2

(k2/a2 + ↵2)2
<latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit>

A ⌘ G2
T (⇢� + P )

2c2�⇥
2

k2/a2 + ↵1

k2/a2 + ↵2
,

<latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit>

L(2) = a3

A(t, k)

��� ˙̃⇣
���
2
� B(t, k)k

2

a2

���⇣̃
���
2
�

<latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit>

where

: functions of Ai, Bi, H, Y
<latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit>

↵i,�i,⌥
<latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit>

⌥ ⌘ FS⇥2 � Ḡ2
TY PY

FS⇥2 � GT (2ḠT � GT )Y PY
<latexit sha1_base64="XRwW0frg9PoRmiL7hHM+FS6M0mc="></latexit><latexit sha1_base64="XRwW0frg9PoRmiL7hHM+FS6M0mc="></latexit><latexit sha1_base64="XRwW0frg9PoRmiL7hHM+FS6M0mc="></latexit><latexit sha1_base64="XRwW0frg9PoRmiL7hHM+FS6M0mc="></latexit>

: functions of GT , ⇥
<latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit>

Ai, Bi, H
<latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit>
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Ghost/Gradient Instability
In Fourier space,

B ⌘ ⌥
G2
T (⇢� + P )

2⇥2

k4/a4 + �1k2/a2 + �2

(k2/a2 + ↵2)2
<latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit>

A ⌘ G2
T (⇢� + P )

2c2�⇥
2

k2/a2 + ↵1

k2/a2 + ↵2
,

<latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit>

L(2) = a3

A(t, k)

��� ˙̃⇣
���
2
� B(t, k)k

2

a2

���⇣̃
���
2
�

<latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit>

UV regime

If ⇢� + P > 0, c2� > 0, ⌥ > 0
<latexit sha1_base64="qlhzpl5MGc3AytagGYJQYoGPUAQ="></latexit><latexit sha1_base64="qlhzpl5MGc3AytagGYJQYoGPUAQ="></latexit><latexit sha1_base64="qlhzpl5MGc3AytagGYJQYoGPUAQ="></latexit><latexit sha1_base64="qlhzpl5MGc3AytagGYJQYoGPUAQ="></latexit>

,

there is no ghost/gradient instability
(null energy condition)

k
<latexit sha1_base64="wzaHFRUyZyFZTm8k2+cJkclfahw="></latexit><latexit sha1_base64="wzaHFRUyZyFZTm8k2+cJkclfahw="></latexit><latexit sha1_base64="wzaHFRUyZyFZTm8k2+cJkclfahw="></latexit><latexit sha1_base64="wzaHFRUyZyFZTm8k2+cJkclfahw="></latexit>(   is sufficiently large)

: functions of Ai, Bi, H, Y
<latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit>

↵i,�i,⌥
<latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit>

: functions of GT , ⇥
<latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit>

Ai, Bi, H
<latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit>
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In Fourier space,

B ⌘ ⌥
G2
T (⇢� + P )

2⇥2

k4/a4 + �1k2/a2 + �2

(k2/a2 + ↵2)2
<latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit><latexit sha1_base64="0akAnhpdEFExh5qkfyVGZphtSro="></latexit>

A ⌘ G2
T (⇢� + P )

2c2�⇥
2

k2/a2 + ↵1

k2/a2 + ↵2
,

<latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit><latexit sha1_base64="ouPTNEPOd5k3kYrdSI1NW4cHxHw="></latexit>

L(2) = a3

A(t, k)

��� ˙̃⇣
���
2
� B(t, k)k

2

a2

���⇣̃
���
2
�

<latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit><latexit sha1_base64="XHYaqNvIRHzVtUmcSo5Pozf9ORY="></latexit>

IR regime

If ,

there are no ghost instability

> 0
<latexit sha1_base64="lqK2bzPprI/9vvdqcH47emaS1b8="></latexit><latexit sha1_base64="lqK2bzPprI/9vvdqcH47emaS1b8="></latexit><latexit sha1_base64="lqK2bzPprI/9vvdqcH47emaS1b8="></latexit><latexit sha1_base64="lqK2bzPprI/9vvdqcH47emaS1b8="></latexit>

↵1

↵2
=

3c2�⇥
2

3c2�H⇥GT + GT (Y PY + ⇥̇)�⇥ĠT

> 0
<latexit sha1_base64="jpLMdl9LEN4HvGkFlaP9kz9SHVg="></latexit><latexit sha1_base64="jpLMdl9LEN4HvGkFlaP9kz9SHVg="></latexit><latexit sha1_base64="jpLMdl9LEN4HvGkFlaP9kz9SHVg="></latexit><latexit sha1_base64="jpLMdl9LEN4HvGkFlaP9kz9SHVg="></latexit>

Ghost/Gradient Instability

(   is sufficiently small)k
<latexit sha1_base64="GhPaDDDW1rt/4DoSO6mNeqg7hBw="></latexit><latexit sha1_base64="GhPaDDDW1rt/4DoSO6mNeqg7hBw="></latexit><latexit sha1_base64="GhPaDDDW1rt/4DoSO6mNeqg7hBw="></latexit><latexit sha1_base64="GhPaDDDW1rt/4DoSO6mNeqg7hBw="></latexit>

: functions of Ai, Bi, H, Y
<latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit><latexit sha1_base64="QoNS69r6UMRecG2K89H8ZX91uVE="></latexit>

↵i,�i,⌥
<latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit><latexit sha1_base64="XpWK28uHJwMfYwChObJbrBdwTxQ="></latexit>

: functions of GT , ⇥
<latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit><latexit sha1_base64="SuzQtjTKA6qxDGBIpWDVEcJwfF0="></latexit>

Ai, Bi, H
<latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit><latexit sha1_base64="HW9VJGk2YlYideTJxgOIWuOMKGw="></latexit>
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Summary
Cuscuton theory : Scalar-tensor theory with 2DOFs

We determined the “Extended Cuscuton” theories
in the Horndeski / beyond Horndeski

/in the unitary gauge

・Cosmological perturbations with matter sector
⇢� + P > 0, c2� > 0, ⌥ > 0,

↵1

↵2
> 0

<latexit sha1_base64="VO+AOebsLz9SYhT9d2n0nPTuFqs="></latexit><latexit sha1_base64="VO+AOebsLz9SYhT9d2n0nPTuFqs="></latexit><latexit sha1_base64="VO+AOebsLz9SYhT9d2n0nPTuFqs="></latexit><latexit sha1_base64="VO+AOebsLz9SYhT9d2n0nPTuFqs="></latexit>

If

are satisfied, scalar perturbation is stable

on a cosmological background

Cuscuton

Horndeski
beyond Horndeski

Extended
Cuscuton !!


