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Present and future

Expect Progress (on Old and New Themes) in Cosmology

⇠ 1 event/week

Time

2019 2024 2029 2030’s

LIGO+Virgo

O3

(+Kagra)

O4

(+LIGO India)

O5

LISA

DESI

Euclid

Rubin (LSST)

39 new events! (50% of O3)

3G Detectors

⇠ 10 � 100⇥ better tests of gravity (Alonso+ ’17)

Virtuous circle cosmology & gravitational waves

Miguel Zumalacárregui Tests of GR with GWs (2)

Future is observationally bright: expected large amount of data from LSS

Test GR (& ΛCDM) on large scales, constrain deviations from GR (dark energy, modified gravity)
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GW observations  
•   severely constrain cosmological modifications of gravity  
•   dramatically reduce the parameter space of scalar-tensor 

gravity (self-accelerating and screening) and the discovery-
potential of new physics in LSS surveys 



Generalized scalar-tensor theories

Most general approach (single scalar): stable theories with higher derivatives 
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Self-acceleration and screening: large classical scalar field nonlinearities
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Abstract

1 Scalar-tensor theories

On a FRLW background, we can describe gravitational waves by hij , the transverse and
traceless perturbation of the spatial metric, gij(x, t) = a

2(t) [�ij + hij(x, t)]. In Fourier
space, the most general modification of the gravitational wave propagation equation can
be written as

ḧij(k, t) + [3H(t) + �(k, t)] ḣij(k, t) +
⇥
c
2
T(t)k

2 +D(k, t)
⇤
hij(k, t) = 0 , (1.1)

where H ⌘ ȧ/a is the Hubble rate. The parameters cT, � and f respectively describe the
speed of propagation of the wave, the damping of its amplitude and additional modifications
of the dispersion relation. For cT = 1 and � = 0 = f one recovers the standard propagation
equation of GR. Scale-independent modifications, described by a k-independent �, are
discussed in Sec. 5 of this document and will not be considered here. It is reasonable to
expect a single observation to exclude � & L

�1 and D & fL
�1, where L is the distance to

the source and f the GW frequency, although the detailed constraints are also controlled
by the frequency dependence of these quantities.

To test GR using the propagation of gravitational waves, it is useful to contrast it
to a given model. The simplest case is to consider the presence of an additional scalar
interaction. In particular, let us focus on scalar-tensor gravity. At low energy, the scalar-
field Lagrangian reads, schematically, as [1]

L =
1X

n=0

3X

m=0

cn,m(�)X

✓
X

⇤4
2

◆n✓
@
2
�

⇤3
3

◆m

, (1.2)

where ⇤2 and ⇤3 are two mass scales, to be given below, the latter related to the UV cut-off
of the theory. For m > 1 this Lagrangian leads in general to equations of motion higher
than second order. However, it can be complemented by suitable gravitational terms and
the coefficients cn,m can be related in such a way as to recover the so-called Hordeski [2, 3]
or beyond Horndeski [4, 5, 6] theories.

Low energy:

2 mass scales:

~ EFT cut-off

Higher-order operators generated but suppressed by             and/or                    (non-
renormalization th.)  
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a suppression of the order of (�3/�2)4. In this sense (2.48) can be considered as invariant
under Galileon symmetry as the covariant Galileon (2.45). Notice that, even when coupling
with gravity is turned o�, the former di�ers from the standard Galileon Lagrangian (2.40) (to
recover the Galileons from a WBG theory, one needs to send both MPl and �2 to infinity while
keeping �3 fixed).

To summarize, there are three di�erent types of operators with di�erent scaling:

• operators of the form
(Ò„)2n

�4(n≠1)

2

(Ò2
„)m

�3m
3

, (2.50)

with second derivatives having the Galileon structure, are present in the classical La-
grangian (2.48) and receive quantum corrections suppressed by (�3/�2)4;

• operators of the form
(Ò„)2n

�4n
2

(Ò2
„)m

�3m≠4

3

, (2.51)

with second derivatives with arbitrary contractions, are not explicitly written in (2.48)
but are generated quantum mechanically. They are subleading in comparison with the
previous ones;

• operators of the form
Ò

m(Ò2
„)n

�3n+m≠4

3

, (2.52)

with second derivatives with arbitrary contractions, are generated at the scale �3 even in
the standard Galileon Lagrangian.

The WBG Lagrangian (2.48), not surprisingly belongs to a subclass of Horndeski theories
[75, 76]. The latter theories are more general, in the sense that they allow for arbitrary
dependencies on both X and „ in the functions Gi, without committing to a peculiar power-
counting for such terms. As already mentioned in Sec. 2.4, the defining property of Horndeski
theories is that of having second-order equations of motion.

2.5.4 Beyond Horndeski

Interestingly enough, eq. (2.48) is not the most general Lagrangian with the properties above.
Indeed, the derivation outlined so far relies on the absence of the vertices with too many
(ˆ„)s per MPl. Although su�cient, this is not a necessary requirement in order to satisfy the
prescribed renormalization properties of WBG theories. Cancellations can in principle also
occur at the loop level, and if this happens the corresponding new classes of operators can be
consistently added to L WBG.

For                                                                                     :  Galileons:
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2.5.1 Galileons in flat space

Concerning DE, the scalar field „ is required to have a mass small enough so to have significant
e�ects on cosmological scales. This feature can be re-stated in terms of symmetries by requiring „

to be shift-invariant, at least approximately. We are going to consider instead a generalized form
of shift symmetry that turns out to have remarkable quantum features. Such transformation is
called Galileon transformation and acts as

„ æ „ + c + bµx
µ

, (2.39)

where bµ and c are constants and x
µ are the flat coordinates in Minkowski space. The name for

the transformation comes of course from the analogous Galilean transformations in Newtonian
mechanics, where the velocity of a particle ẋ

i shifts upon changing reference frame ẋ
i

æ ẋ
i + v

i.
Theories invariant under (2.39) in the absence of gravity go under the name of Galileons.

Clearly, a standard kinetic term for „ is invariant, up to a boundary term, as can be realized
after integrating by parts. Another invariant operator is the tadpole „, but we will not consider
its role in what follows. Other trivially invariant operators are constructed with two or more
derivatives acting on „, such as (⇤„)2. Terms containing less than two derivatives per field
are at first sight forbidden. This is actually not correct, and remarkably there is a finite set of
operators invariant under (2.39) up to boundary terms.5 Overall, in four dimensions the most
general Lagrangian non-trivially invariant under Galileon transformation takes the form

L Gal = ≠
1
2(ˆµ„)2 +

5ÿ

i=3

ci

�3(i≠2)

3

L Gal
i , (2.40)

where
L Gal

3 = (ˆµ„)2 [�] ,

L Gal
4 = (ˆµ„)2

1
[�]2 ≠ [�2]

2
,

L Gal
5 = (ˆµ„)2

1
[�]3 ≠ 3 [�][�2] + 2 [�3]

2
.

(2.41)

Here we define �µ‹ © ˆµˆ‹„ and square brackets stand for traces of this matrix and of its
powers (for example [�] = ⇤„). The cis are generic coe�cients and the energy scale �3 is up
to now arbitrary. The latter scale represents the scale of strong coupling for Galileons, hence
one expects heavy degrees of freedom to enter at most at �3. Moreover, the operators L Gal

3
,

L Gal
4

and L Gal
5

are often referred respectively as cubic, quartic and quintic Galileons.6

The cubic Galileon interaction was first discovered in the context of the Dvali-Gabadadze-
Porrati (DGP) model [83]. This is a higher-dimensional model where Standard Model fields are

5It is argued in [82] that this can be understood as the fact that these operators are Wess-Zumino terms for
broken spacetime symmetries.

6In d spacetime dimension there are d ≠ 1 non-trivial Galileons (not counting the tadpole and the kinetic
term). For instance, for d = 2 only the cubic Galileon remains, while the other reduce to total derivatives.
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For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ

i=2

L WBG
i

Ô
≠g , (2.48)

with

L WBG
2 = �4

2 G2(X) ,

L WBG
3 = �4

2

�3
3

G3(X)[�] ,

L WBG
4 = �8

2

�6
3

G4(X)R + 2�4
2

�6
3

G4,X(X)
1
[�]2 ≠ [�2]

2
,

L WBG
5 = �8

2

�9
3

G5(X)Gµ‹�µ‹ ≠
�4

2

3�9
3

G5,X(X)
1
[�]3 ≠ 3[�][�2] + 2[�3]

2
.

(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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2.5 Weakly Broken Galileons 25

For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ

i=2

L WBG
i

Ô
≠g , (2.48)

with

L WBG
2 = �4

2 G2(X) ,

L WBG
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2

�6
3

G4(X)R + 2�4
2

�6
3

G4,X(X)
1
[�]2 ≠ [�2]

2
,

L WBG
5 = �8

2

�9
3

G5(X)Gµ‹�µ‹ ≠
�4

2

3�9
3

G5,X(X)
1
[�]3 ≠ 3[�][�2] + 2[�3]

2
.

(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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Abstract

1 Scalar-tensor theories

On a FRLW background, we can describe gravitational waves by hij , the transverse and
traceless perturbation of the spatial metric, gij(x, t) = a

2(t) [�ij + hij(x, t)]. In Fourier
space, the most general modification of the gravitational wave propagation equation can
be written as

ḧij(k, t) + [3H(t) + �(k, t)] ḣij(k, t) +
⇥
c
2
T(t)k

2 +D(k, t)
⇤
hij(k, t) = 0 , (1.1)

where H ⌘ ȧ/a is the Hubble rate. The parameters cT, � and f respectively describe the
speed of propagation of the wave, the damping of its amplitude and additional modifications
of the dispersion relation. For cT = 1 and � = 0 = f one recovers the standard propagation
equation of GR. Scale-independent modifications, described by a k-independent �, are
discussed in Sec. 5 of this document and will not be considered here. It is reasonable to
expect a single observation to exclude � & L

�1 and D & fL
�1, where L is the distance to

the source and f the GW frequency, although the detailed constraints are also controlled
by the frequency dependence of these quantities.

To test GR using the propagation of gravitational waves, it is useful to contrast it
to a given model. The simplest case is to consider the presence of an additional scalar
interaction. In particular, let us focus on scalar-tensor gravity. At low energy, the scalar-
field Lagrangian reads, schematically, as [1]

L =
1X

n=0

3X

m=0

cn,m(�)X

✓
X

⇤4
2

◆n✓
@
2
�

⇤3
3

◆m

, (1.2)

where ⇤2 and ⇤3 are two mass scales, to be given below, the latter related to the UV cut-off
of the theory. For m > 1 this Lagrangian leads in general to equations of motion higher
than second order. However, it can be complemented by suitable gravitational terms and
the coefficients cn,m can be related in such a way as to recover the so-called Hordeski [2, 3]
or beyond Horndeski [4, 5, 6] theories.

Low energy:

2 mass scales:

~ EFT cut-off

Higher-order operators generated but suppressed by             and/or                    (non-
renormalization th.)  
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a suppression of the order of (�3/�2)4. In this sense (2.48) can be considered as invariant
under Galileon symmetry as the covariant Galileon (2.45). Notice that, even when coupling
with gravity is turned o�, the former di�ers from the standard Galileon Lagrangian (2.40) (to
recover the Galileons from a WBG theory, one needs to send both MPl and �2 to infinity while
keeping �3 fixed).

To summarize, there are three di�erent types of operators with di�erent scaling:

• operators of the form
(Ò„)2n

�4(n≠1)

2

(Ò2
„)m

�3m
3

, (2.50)

with second derivatives having the Galileon structure, are present in the classical La-
grangian (2.48) and receive quantum corrections suppressed by (�3/�2)4;

• operators of the form
(Ò„)2n

�4n
2

(Ò2
„)m

�3m≠4

3

, (2.51)

with second derivatives with arbitrary contractions, are not explicitly written in (2.48)
but are generated quantum mechanically. They are subleading in comparison with the
previous ones;

• operators of the form
Ò

m(Ò2
„)n

�3n+m≠4

3

, (2.52)

with second derivatives with arbitrary contractions, are generated at the scale �3 even in
the standard Galileon Lagrangian.

The WBG Lagrangian (2.48), not surprisingly belongs to a subclass of Horndeski theories
[75, 76]. The latter theories are more general, in the sense that they allow for arbitrary
dependencies on both X and „ in the functions Gi, without committing to a peculiar power-
counting for such terms. As already mentioned in Sec. 2.4, the defining property of Horndeski
theories is that of having second-order equations of motion.

2.5.4 Beyond Horndeski

Interestingly enough, eq. (2.48) is not the most general Lagrangian with the properties above.
Indeed, the derivation outlined so far relies on the absence of the vertices with too many
(ˆ„)s per MPl. Although su�cient, this is not a necessary requirement in order to satisfy the
prescribed renormalization properties of WBG theories. Cancellations can in principle also
occur at the loop level, and if this happens the corresponding new classes of operators can be
consistently added to L WBG.

For                                                                                     :  Galileons:

20 Dark Energy theories

2.5.1 Galileons in flat space

Concerning DE, the scalar field „ is required to have a mass small enough so to have significant
e�ects on cosmological scales. This feature can be re-stated in terms of symmetries by requiring „

to be shift-invariant, at least approximately. We are going to consider instead a generalized form
of shift symmetry that turns out to have remarkable quantum features. Such transformation is
called Galileon transformation and acts as

„ æ „ + c + bµx
µ

, (2.39)

where bµ and c are constants and x
µ are the flat coordinates in Minkowski space. The name for

the transformation comes of course from the analogous Galilean transformations in Newtonian
mechanics, where the velocity of a particle ẋ

i shifts upon changing reference frame ẋ
i

æ ẋ
i + v

i.
Theories invariant under (2.39) in the absence of gravity go under the name of Galileons.

Clearly, a standard kinetic term for „ is invariant, up to a boundary term, as can be realized
after integrating by parts. Another invariant operator is the tadpole „, but we will not consider
its role in what follows. Other trivially invariant operators are constructed with two or more
derivatives acting on „, such as (⇤„)2. Terms containing less than two derivatives per field
are at first sight forbidden. This is actually not correct, and remarkably there is a finite set of
operators invariant under (2.39) up to boundary terms.5 Overall, in four dimensions the most
general Lagrangian non-trivially invariant under Galileon transformation takes the form

L Gal = ≠
1
2(ˆµ„)2 +

5ÿ

i=3

ci

�3(i≠2)

3

L Gal
i , (2.40)

where
L Gal

3 = (ˆµ„)2 [�] ,

L Gal
4 = (ˆµ„)2

1
[�]2 ≠ [�2]

2
,

L Gal
5 = (ˆµ„)2

1
[�]3 ≠ 3 [�][�2] + 2 [�3]

2
.

(2.41)

Here we define �µ‹ © ˆµˆ‹„ and square brackets stand for traces of this matrix and of its
powers (for example [�] = ⇤„). The cis are generic coe�cients and the energy scale �3 is up
to now arbitrary. The latter scale represents the scale of strong coupling for Galileons, hence
one expects heavy degrees of freedom to enter at most at �3. Moreover, the operators L Gal

3
,

L Gal
4

and L Gal
5

are often referred respectively as cubic, quartic and quintic Galileons.6

The cubic Galileon interaction was first discovered in the context of the Dvali-Gabadadze-
Porrati (DGP) model [83]. This is a higher-dimensional model where Standard Model fields are

5It is argued in [82] that this can be understood as the fact that these operators are Wess-Zumino terms for
broken spacetime symmetries.

6In d spacetime dimension there are d ≠ 1 non-trivial Galileons (not counting the tadpole and the kinetic
term). For instance, for d = 2 only the cubic Galileon remains, while the other reduce to total derivatives.
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For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ

i=2

L WBG
i

Ô
≠g , (2.48)

with

L WBG
2 = �4

2 G2(X) ,

L WBG
3 = �4

2

�3
3

G3(X)[�] ,

L WBG
4 = �8

2

�6
3

G4(X)R + 2�4
2

�6
3

G4,X(X)
1
[�]2 ≠ [�2]

2
,

L WBG
5 = �8

2

�9
3

G5(X)Gµ‹�µ‹ ≠
�4

2

3�9
3

G5,X(X)
1
[�]3 ≠ 3[�][�2] + 2[�3]

2
.

(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ
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≠g , (2.48)

with
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(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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Galileon invariance broken by gravity. Horndeski coupling keeps approximate Galileon 
invariance Pirtskhalava, Santoni, Trincherini, FV ‘15

[40] are of the form

(67)

Solid lines represent a single derivative acting on the scalar, while dashed lines more than one deriva-
tive; the wavy line is a graviton. The crucial point is that one has one graviton and thus one power of
1/MPl for each (@�)2. This motivates the scaling of eq. (66) for the Horndeski Lagrangian and shows
that the operators are renormalized in a very suppressed way [39].

Let us now consider the renormalisation of operators with external graviton lines (we take the
graviton canonically normalized, i.e. a dimension one field �

(c)):

(68)

The scaling still works in the same way: one power of 1/MPl for each (@�)2 (one can have more powers
of (@�)2 as external legs, but each carries its 1/MPl since the functions Gi above are characterized by
⇤2 and not ⇤3 in the action). This implies the generation of operators of the schematic form

⇤4

3F

 
(@�)2

⇤4

2

,
@
2
�

⇤3

3

,
�
(c)

⇤3

,
@

⇤3

!
. (69)

Since on the background solution one has �̇2
⇠ ⇤4

2
one sees that the action for tensors is characterised

by the only scale ⇤3: in particular one has sizeable corrections to the propagation if the frequency
is not well below ⇤3. Notice however that the conclusion does not apply to the cubic Horndeski,
i.e. to the first interaction of (67). Since graphs must be 1PI one is forced to have one leg with a
single derivative inside the loop: this changes the scaling and suppresses the final result by (⇤3/⇤2)4.
Therefore a theory with only cubic Galileon/Horndeski is viable since it does not a↵ect the graviton
propagation at the scale ⇤3 (or at least it is technically natural to make this assumption). Notice that
this setup is consistent since the non-renormalization theorem guarantees that if quartic and quintic
terms are zero at the beginning, they will be generated only with a very suppressed coe�cient. One
can generalise the argument to beyond Horndeski theories following [41].

The second caveat is that the theory that describes cosmological perturbations may break down
at energies parametrically lower than ⇤3 [22]. Of course nothing forbids that a theory changes before
reaching its unitarity cuto↵. In this case the EFT of DE cannot be used to describe the recent
observations of propagation of gravitational waves. Since we do not know of any explicit UV completion
of the DE theories we are studying, it is di�cult to reach general conclusions. It would be interesting
to study the constraints imposed by causality and analyticity on a scenario in which gravitational
waves have a di↵erent speed at di↵erent frequencies. In the analogous problem of light propagating in
a material, one can derive general conclusions on the absorption of light given its frequency-dependent
speed. Indeed the real and imaginary part of the index of refraction are related by the Kramers-Kronig
relations. It is worthwhile studying whether similar techniques can be applied to the propagation of
gravitational waves.
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<latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit>

@⇡
<latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit><latexit sha1_base64="YRDjBwA8wWCfskUswFqPoaQfa/Y=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoOCm4MZlBfuATimZNNOGZjIhuSOU0o9wI+JGwZ/xF/wbM+1sWj0QOJxzktxzIy2FRd//8Uobm1vbO+Xdyt7+weFR9fikbdPMMN5iqUxNN6KWS6F4CwVK3tWG0ySSvBNN7nO/88yNFal6wqnm/YSOlIgFo+ikMNTUoKCShFoMqjW/7i9A/pKgIDUo0BxUv8NhyrKEK2SSWtsLfI39Wf4ik3xeCTPLNWUTOuKzxaRzcuGkIYlT445CslBXcjSxdppELplQHNt1Lxf/83oZxrf9mVA6Q67Y8qM4kwRTktcmQ2E4Qzl1hDIj3ISEjamhDN1yKq56sF70L2lf1QO/Hjxe1xp3xRLKcAbncAkB3EADHqAJLWCg4RU+4NObeC/em/e+jJa84s4prMD7+gWplY00</latexit>

@2⇡
<latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit> @2⇡

<latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit> @2⇡
<latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit>

@2⇡
<latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit><latexit sha1_base64="VahJtKFM7dEE67GkffeZz/wSaMs=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnbZk0kwbmpkJyR2hlH6FGxE3Cv6Lv+DfmGln09YDgcM5J8k9N1BSGHTdX6ewtb2zu1fcLx0cHh2flE/PWiZJNeNNlshEdwJquBQxb6JAyTtKcxoFkreDyUPmt1+4NiKJn3GqeC+io1iEglG0Ut9XVKOgsl8jvhKDcsWtuguQTeLlpAI5GoPyjz9MWBrxGJmkxnQ9V2Fvlr3JJJ+X/NRwRdmEjvhsMeucXFlpSMJE2xMjWagrORoZM40Cm4wojs26l4n/ed0Uw7veTMQqRR6z5UdhKgkmJCtOhkJzhnJqCWVa2AkJG1NNGdr1lGx1b73oJmnVqp5b9Z5uKvX7fAlFuIBLuAYPbqEOj9CAJjDQ8Aaf8OVEzqvz7nwsowUnv3MOK3C+/wDRVo3Y</latexit>
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Abstract

1 Scalar-tensor theories

On a FRLW background, we can describe gravitational waves by hij , the transverse and
traceless perturbation of the spatial metric, gij(x, t) = a

2(t) [�ij + hij(x, t)]. In Fourier
space, the most general modification of the gravitational wave propagation equation can
be written as

ḧij(k, t) + [3H(t) + �(k, t)] ḣij(k, t) +
⇥
c
2
T(t)k

2 +D(k, t)
⇤
hij(k, t) = 0 , (1.1)

where H ⌘ ȧ/a is the Hubble rate. The parameters cT, � and f respectively describe the
speed of propagation of the wave, the damping of its amplitude and additional modifications
of the dispersion relation. For cT = 1 and � = 0 = f one recovers the standard propagation
equation of GR. Scale-independent modifications, described by a k-independent �, are
discussed in Sec. 5 of this document and will not be considered here. It is reasonable to
expect a single observation to exclude � & L

�1 and D & fL
�1, where L is the distance to

the source and f the GW frequency, although the detailed constraints are also controlled
by the frequency dependence of these quantities.

To test GR using the propagation of gravitational waves, it is useful to contrast it
to a given model. The simplest case is to consider the presence of an additional scalar
interaction. In particular, let us focus on scalar-tensor gravity. At low energy, the scalar-
field Lagrangian reads, schematically, as [1]

L =
1X

n=0

3X

m=0

cn,m(�)X

✓
X

⇤4
2

◆n✓
@
2
�

⇤3
3

◆m

, (1.2)

where ⇤2 and ⇤3 are two mass scales, to be given below, the latter related to the UV cut-off
of the theory. For m > 1 this Lagrangian leads in general to equations of motion higher
than second order. However, it can be complemented by suitable gravitational terms and
the coefficients cn,m can be related in such a way as to recover the so-called Hordeski [2, 3]
or beyond Horndeski [4, 5, 6] theories.

Low energy:

2 mass scales:

~ EFT cut-off

Higher-order operators generated but suppressed by             and/or                    (non-
renormalization th.)  

26 Dark Energy theories

a suppression of the order of (�3/�2)4. In this sense (2.48) can be considered as invariant
under Galileon symmetry as the covariant Galileon (2.45). Notice that, even when coupling
with gravity is turned o�, the former di�ers from the standard Galileon Lagrangian (2.40) (to
recover the Galileons from a WBG theory, one needs to send both MPl and �2 to infinity while
keeping �3 fixed).

To summarize, there are three di�erent types of operators with di�erent scaling:

• operators of the form
(Ò„)2n

�4(n≠1)

2

(Ò2
„)m

�3m
3

, (2.50)

with second derivatives having the Galileon structure, are present in the classical La-
grangian (2.48) and receive quantum corrections suppressed by (�3/�2)4;

• operators of the form
(Ò„)2n

�4n
2

(Ò2
„)m

�3m≠4

3

, (2.51)

with second derivatives with arbitrary contractions, are not explicitly written in (2.48)
but are generated quantum mechanically. They are subleading in comparison with the
previous ones;

• operators of the form
Ò

m(Ò2
„)n

�3n+m≠4

3

, (2.52)

with second derivatives with arbitrary contractions, are generated at the scale �3 even in
the standard Galileon Lagrangian.

The WBG Lagrangian (2.48), not surprisingly belongs to a subclass of Horndeski theories
[75, 76]. The latter theories are more general, in the sense that they allow for arbitrary
dependencies on both X and „ in the functions Gi, without committing to a peculiar power-
counting for such terms. As already mentioned in Sec. 2.4, the defining property of Horndeski
theories is that of having second-order equations of motion.

2.5.4 Beyond Horndeski

Interestingly enough, eq. (2.48) is not the most general Lagrangian with the properties above.
Indeed, the derivation outlined so far relies on the absence of the vertices with too many
(ˆ„)s per MPl. Although su�cient, this is not a necessary requirement in order to satisfy the
prescribed renormalization properties of WBG theories. Cancellations can in principle also
occur at the loop level, and if this happens the corresponding new classes of operators can be
consistently added to L WBG.

For                                                                                     :  Galileons:

20 Dark Energy theories

2.5.1 Galileons in flat space

Concerning DE, the scalar field „ is required to have a mass small enough so to have significant
e�ects on cosmological scales. This feature can be re-stated in terms of symmetries by requiring „

to be shift-invariant, at least approximately. We are going to consider instead a generalized form
of shift symmetry that turns out to have remarkable quantum features. Such transformation is
called Galileon transformation and acts as

„ æ „ + c + bµx
µ

, (2.39)

where bµ and c are constants and x
µ are the flat coordinates in Minkowski space. The name for

the transformation comes of course from the analogous Galilean transformations in Newtonian
mechanics, where the velocity of a particle ẋ

i shifts upon changing reference frame ẋ
i

æ ẋ
i + v

i.
Theories invariant under (2.39) in the absence of gravity go under the name of Galileons.

Clearly, a standard kinetic term for „ is invariant, up to a boundary term, as can be realized
after integrating by parts. Another invariant operator is the tadpole „, but we will not consider
its role in what follows. Other trivially invariant operators are constructed with two or more
derivatives acting on „, such as (⇤„)2. Terms containing less than two derivatives per field
are at first sight forbidden. This is actually not correct, and remarkably there is a finite set of
operators invariant under (2.39) up to boundary terms.5 Overall, in four dimensions the most
general Lagrangian non-trivially invariant under Galileon transformation takes the form

L Gal = ≠
1
2(ˆµ„)2 +

5ÿ

i=3

ci

�3(i≠2)

3

L Gal
i , (2.40)

where
L Gal

3 = (ˆµ„)2 [�] ,

L Gal
4 = (ˆµ„)2

1
[�]2 ≠ [�2]

2
,

L Gal
5 = (ˆµ„)2

1
[�]3 ≠ 3 [�][�2] + 2 [�3]

2
.

(2.41)

Here we define �µ‹ © ˆµˆ‹„ and square brackets stand for traces of this matrix and of its
powers (for example [�] = ⇤„). The cis are generic coe�cients and the energy scale �3 is up
to now arbitrary. The latter scale represents the scale of strong coupling for Galileons, hence
one expects heavy degrees of freedom to enter at most at �3. Moreover, the operators L Gal

3
,

L Gal
4

and L Gal
5

are often referred respectively as cubic, quartic and quintic Galileons.6

The cubic Galileon interaction was first discovered in the context of the Dvali-Gabadadze-
Porrati (DGP) model [83]. This is a higher-dimensional model where Standard Model fields are

5It is argued in [82] that this can be understood as the fact that these operators are Wess-Zumino terms for
broken spacetime symmetries.

6In d spacetime dimension there are d ≠ 1 non-trivial Galileons (not counting the tadpole and the kinetic
term). For instance, for d = 2 only the cubic Galileon remains, while the other reduce to total derivatives.

2.5 Weakly Broken Galileons 25

For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ

i=2

L WBG
i

Ô
≠g , (2.48)

with

L WBG
2 = �4

2 G2(X) ,

L WBG
3 = �4

2

�3
3

G3(X)[�] ,

L WBG
4 = �8

2

�6
3

G4(X)R + 2�4
2

�6
3

G4,X(X)
1
[�]2 ≠ [�2]

2
,

L WBG
5 = �8

2

�9
3

G5(X)Gµ‹�µ‹ ≠
�4

2

3�9
3

G5,X(X)
1
[�]3 ≠ 3[�][�2] + 2[�3]

2
.

(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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2.5 Weakly Broken Galileons 25

For our purposes we can focus on values for �3 relevant for DE. Therefore, we define,
without loss of generality, its value to be

�3 © (H2

0 MPl)1/3
, (2.46)

where H0 is the Hubble constant. This scale corresponds roughly with ≥ 10≠13 eV or, in
terms of a length scale, with ≥ (1000 km)≠1. Then, assuming the dimensionless coe�cients in
eq. (2.40) to be of order one, the operators (2.44) are generated from (2.45) at scales above or
equal to

�2 © (H0MPl)1/2
, (2.47)

which is parametrically larger than �3 (�3/�2 ≥ 10≠10).

2.5.3 Weakly broken Galileons

It is now also clear that eq. (2.45) can also be complemented with symmetry-breaking operators
without altering its renormalizations properties, provided these have a suppression of �4

2
for

each (ˆ„)2. Such operators, even if they re-dress higher-derivative terms already present in the
classical Lagrangian, do not alter the counting of two (ˆ„)-legs per MPl.

A particular structure compatible with this requirement, and obtained in [104], is the
following WBG Lagrangian

L WBG =
5ÿ

i=2

L WBG
i

Ô
≠g , (2.48)

with
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2 G2(X) ,
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4 = �8

2

�6
3

G4(X)R + 2�4
2

�6
3
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2

3�9
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2
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(2.49)

Here the Gi(X) are arbitrary functions of the variable X = ≠(ˆµ„)2
/�4

2
. The subscript “X”

stands for derivatives with respect to X. The extra factors of �2 appearing in (2.49) are placed
in such a way as to recover the Covariant Galileon once we set Gi(X) = X for all i’s. This also
gives the correct scaling for the non-Galileon operators.

From the EFT perspective, the functions Gi(X) should be expressible as a Taylor expansion
in X, with order-one coe�cients. Operators such as (ˆµ„)4⇤„ in eq. (2.48) appear then with
the correct scale (�3

3
�4

2
)1/7. Thanks to the arguments outlined in this section they, together

with the Galileon invariant operators in (2.48), get negligible corrections at loop level with
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Same holds for beyond Horndeski theories Santoni, Trincherini, Trombetta ‘18
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Fig. 2.1 The curves x
i = const. intersect the spatial slices �t and so define the shift vector N

µ and the
lapse function N .

Moreover, the inverse components are

g
00 = ≠

1
N2

, g
0i = N

i

N2
, g

ij = h
ij

≠
N

i
N

j

N2
, (2.12)

where h
ij is the metric inverse of hij . Another useful property is that the determinant of the

metric is decomposed as
Ô

≠g = N
Ô

h, where h here stands for the determinant of the spatial
metric. Finally, the extrinsic curvature (2.4) decomposes to

Kij = 1
2N

1
ḣij ≠ DiNj ≠ DjNi

2
, (2.13)

where the dot stands for the time derivative.

2.2.3 Expansion of the action

At this point we are ready to expand the action (2.8) in perturbations around a given FRW
background. We define ”g

00
© g

00 + 1 and ”K
µ
‹ © K

µ
‹ ≠ H”

µ
‹ . These two operators vanish

when evaluated in the FRW background metric (2.1), so that they start at linear order in
perturbations. Also, they are tensors under the time-dependent spatial di�s. (2.3). This is
hardly a trivial property and follows from the high degree of symmetry of the background.3

A similar definition for perturbations of the Riemann can be done as well, but it will not
be of particular interest for us. The 3d Riemann instead starts already at linear order in
perturbations since the spatial curvature is assumed to vanish.

3For less symmetric backgrounds, similar decompositions are possible at the price of losing the residual gauge
invariance [66]. The relation to other gauges is then less obvious.
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Cheung et al. ’07, Gubitosi et al. ’13, 

Gleyzes et al. ’13, Bellini and Sawicki ’14, …

ds2 = �N2dt2 + hij(N
idt+ dxi)(N jdt+ dxj)

Action contains all possible operators invariant under spatial diffs, ordered by number of perts and 
derivatives

Bridge models and observations in a minimal and systematic way
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Action contains all possible operators invariant under spatial diffs, ordered by number of perts and 
derivatives
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For the models we considered we verified that the disagree-
ment between the different codes was never worse than 1%,
but it should be care of the user to verify that the precision pa-
rameters chosen are sufficient in order to obtain the accuracy
desired.

All the models we considered in this paper have the com-
mon property of being insensitive to the initial conditions as-
sumed for the evolution of the perturbation. This is a cru-
cial point when adding new degrees of freedom to the stan-
dard cosmological model. If it is true that probably most of

the models in the literature satisfy this requirement (with the
remarkable exceptions of the so-called “early dark energy”
models), it is also true that if one chooses arbitrary config-
urations for the additional degree of freedom the issue of the
initial conditions may be important. In these cases the agree-
ment between different codes could be much worse, due to
the fact that either during the era dominated by radiation the
scalar field has no attractor or it exists but the initial condi-
tions chosen are outside its basin of attraction. In the first
scenario one could simply discard the model under considera-
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Action contains all possible operators invariant under spatial diffs, ordered by number of perts and 
derivatives
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Future LSS observations:
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Gravitational wave equation:

Gravitational wave equation
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�ij = 0
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Modified speed of propagation

Spontaneously broken Lorentz invariance: refraction
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Multi-messenger observation

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
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<latexit sha1_base64="pBYB0KkmEFbx5JMVz1WMwYa9uXY=">AAACAHicbVDLSsNAFJ3UV62vqEs3o0VwVZIqKLgpuHFZwT6grWEymbRjJw9mboQSsnHjr7gRcaPgF/gL/o3TNJu2Xhg4nHPmPo4bC67Asn6N0srq2vpGebOytb2zu2fuH7RVlEjKWjQSkey6RDHBQ9YCDoJ1Y8lI4ArWccc3U73zxKTiUXgPk5gNAjIMuc8pAU055nHaz5ukknkZ7nsR4P6QBAFxUv6YPdRx5phVq2blhZeBXYAqKqrpmD+6DU0CFgIVRKmebcUwSIkETgXLKv1EsZjQMRmyNJ+d4VNNediPpH4h4Jyd85FAqUngamdAYKQWtSn5n9ZLwL8apDyME2AhnQ3yE4EhwtM0sMcloyAmGhAqud4Q0xGRhILOrKJPtxcPXQbtes0+r9XvLqqN6yKEMjpCJ+gM2egSNdAtaqIWougFvaFP9GU8G6/Gu/Exs5aM4s8hmivj+w/rzJZf</latexit>

�̇2
ij � (@k�ij)

2
<latexit sha1_base64="rA3MMTHGg1Me6cEHe6ZalM/dbhM=">AAACDnicdVDLSgMxFM3UV62vUZdugkWoC2tmal+4KbhxWcHWQh9DJk3b2MyDJCOU0n9w46+4EXGj0F/wb8y0FazohcDhnJPcnOOGnEmF0KeRWFldW99Ibqa2tnd298z9g7oMIkFojQQ8EA0XS8qZT2uKKU4boaDYczm9c4dXsX73QIVkgX+rRiFte7jvsx4jWGnKMc9b3UDBVh97HnbG7H7SseEZzLRCLBTD3Bn+1E47tmOmURYV8uUcgiibR1axXNYAoUIpZ0NLg3jSYDFVx5zqDSTyqK8Ix1I2LRSq9jh+nnA6SbUiSUNMhrhPx7M4E3iiqS7sBUIfX8EZu+TDnpQjz9VOD6uB/K3F5F9aM1K9UnvM/DBS1CfzRb2IQxXAuBvYZYISxUcaYCKY/iEkAywwUbrBlI7+nQ/+D+p21spl7ZuLdOVyUUISHIFjkAEWKIIKuAZVUAMEPIEX8A4+jEfj2Xg13ubWhLG4cwiWxph+AS0Nm1g=</latexit>

c
2
T � 1 / �2G4,X �G5,� � (H�̇� �̈)G5,X

<latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit><latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit><latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit>

+XF4 � 3HX�̇F5
<latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit>



L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (�;µ⌫)

2
i

+G5(�, X)Gµ⌫�;µ⌫ +
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(�;µ⌫)

2 + 2(�;µ⌫)
3
⇤

<latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit>

⇤� ⌘ �;µ
;µ X ⌘ gµ⌫�;µ�;⌫

<latexit sha1_base64="o7mpHAWqXbbplO+rhYvl63tv97A=">AAACOHicbVBLSwMxGMzWV62vVY9egkXwVHZFUOil6MVjBfuQbl2y2bQNzT6aR7Es+8e8ePUvePMi4kXBX2DarmJbPwiZzExIZryYUSEt69nILS2vrK7l1wsbm1vbO+buXl1EimNSwxGLeNNDgjAakpqkkpFmzAkKPEYaXv9yrDeGhAsahTdyFJN2gLoh7VCMpKZc89a5iO6hE/codMhA0eEEu0nZCRRM77IdOgOFfNj88XTvkjHvhCr9408LvwctuGbRKlmTgYvAzkARZFN1zSfHj7AKSCgxQ0K0bCuW7QRxSTEjacFRgsQI91GXJJPgKTzSlA87EdcrlHDCzvhQIMQo8LQzQLIn5rUx+Z/WUrJz3k5oGCtJQjx9qKMYlBEctwh9ygmWbKQBwpzqH0LcQxxhqbsu6Oj2fNBFUD8p2VbJvj4tVspZCXlwAA7BMbDBGaiAK1AFNYDBI3gFH+DTeDBejDfjfWrNGdmdfTAzxtc30wKsMQ==</latexit><latexit sha1_base64="o7mpHAWqXbbplO+rhYvl63tv97A=">AAACOHicbVBLSwMxGMzWV62vVY9egkXwVHZFUOil6MVjBfuQbl2y2bQNzT6aR7Es+8e8ePUvePMi4kXBX2DarmJbPwiZzExIZryYUSEt69nILS2vrK7l1wsbm1vbO+buXl1EimNSwxGLeNNDgjAakpqkkpFmzAkKPEYaXv9yrDeGhAsahTdyFJN2gLoh7VCMpKZc89a5iO6hE/codMhA0eEEu0nZCRRM77IdOgOFfNj88XTvkjHvhCr9408LvwctuGbRKlmTgYvAzkARZFN1zSfHj7AKSCgxQ0K0bCuW7QRxSTEjacFRgsQI91GXJJPgKTzSlA87EdcrlHDCzvhQIMQo8LQzQLIn5rUx+Z/WUrJz3k5oGCtJQjx9qKMYlBEctwh9ygmWbKQBwpzqH0LcQxxhqbsu6Oj2fNBFUD8p2VbJvj4tVspZCXlwAA7BMbDBGaiAK1AFNYDBI3gFH+DTeDBejDfjfWrNGdmdfTAzxtc30wKsMQ==</latexit><latexit sha1_base64="o7mpHAWqXbbplO+rhYvl63tv97A=">AAACOHicbVBLSwMxGMzWV62vVY9egkXwVHZFUOil6MVjBfuQbl2y2bQNzT6aR7Es+8e8ePUvePMi4kXBX2DarmJbPwiZzExIZryYUSEt69nILS2vrK7l1wsbm1vbO+buXl1EimNSwxGLeNNDgjAakpqkkpFmzAkKPEYaXv9yrDeGhAsahTdyFJN2gLoh7VCMpKZc89a5iO6hE/codMhA0eEEu0nZCRRM77IdOgOFfNj88XTvkjHvhCr9408LvwctuGbRKlmTgYvAzkARZFN1zSfHj7AKSCgxQ0K0bCuW7QRxSTEjacFRgsQI91GXJJPgKTzSlA87EdcrlHDCzvhQIMQo8LQzQLIn5rUx+Z/WUrJz3k5oGCtJQjx9qKMYlBEctwh9ygmWbKQBwpzqH0LcQxxhqbsu6Oj2fNBFUD8p2VbJvj4tVspZCXlwAA7BMbDBGaiAK1AFNYDBI3gFH+DTeDBejDfjfWrNGdmdfTAzxtc30wKsMQ==</latexit><latexit sha1_base64="o7mpHAWqXbbplO+rhYvl63tv97A=">AAACOHicbVBLSwMxGMzWV62vVY9egkXwVHZFUOil6MVjBfuQbl2y2bQNzT6aR7Es+8e8ePUvePMi4kXBX2DarmJbPwiZzExIZryYUSEt69nILS2vrK7l1wsbm1vbO+buXl1EimNSwxGLeNNDgjAakpqkkpFmzAkKPEYaXv9yrDeGhAsahTdyFJN2gLoh7VCMpKZc89a5iO6hE/codMhA0eEEu0nZCRRM77IdOgOFfNj88XTvkjHvhCr9408LvwctuGbRKlmTgYvAzkARZFN1zSfHj7AKSCgxQ0K0bCuW7QRxSTEjacFRgsQI91GXJJPgKTzSlA87EdcrlHDCzvhQIMQo8LQzQLIn5rUx+Z/WUrJz3k5oGCtJQjx9qKMYlBEctwh9ygmWbKQBwpzqH0LcQxxhqbsu6Oj2fNBFUD8p2VbJvj4tVspZCXlwAA7BMbDBGaiAK1AFNYDBI3gFH+DTeDBejDfjfWrNGdmdfTAzxtc30wKsMQ==</latexit>

� F4(�, X)✏µ⌫⇢�✏
µ0⌫0⇢0��;µ�;µ0�;⌫⌫0�;⇢⇢0

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

�;µ�;µ0�;⌫⌫0�;⇢⇢0�;��0
<latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit>

c
2
T � 1 / �2G4,X �G5,� � (H�̇� �̈)G5,X

<latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit><latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit><latexit sha1_base64="FVw3nNmZLfLI4W8/EXLYOQ52uII="></latexit>

+XF4 � 3HX�̇F5
<latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit><latexit sha1_base64="nup0QpoEq3qpJ5EUZR92ElE/NyY=">AAAB93icbVBdSwJBFL1rX2ZfW70EvQxJEESyW0ZBL0IgPhqkLqgss+Oog7MfzNwNROyv9BLRS0H/or/Qv2n8eNE6MHA451zm3hMkUmh0nB8rs7K6tr6R3cxtbe/s7tn7B3Udp4rxGotlrLyAai5FxGsoUHIvUZyGgeSNYHA/8RtPXGkRR484THg7pL1IdAWjaCTfPjr3yn7x4qpCPNLqxEhaSV+Qsn/t23mn4ExB/hJ3TvIwR9W3v808S0MeIZNU66brJNgeUYWCST7OtVLNE8oGtMdH073H5NRIHdKNlXkRkqm6kKOh1sMwMMmQYl8vexPxP6+ZYve2PRJRkiKP2OyjbioJxmRSAukIxRnKoSGUKWE2JKxPFWVoqsqZ093lQ/+S+mXBdQruQzFfupuXkIVjOIEzcOEGSlCBKtSAwTO8wgd8WkPrxXqz3mfRjDWfOYQFWF+/hR6QNQ==</latexit>

Most general theory compatible with cT=1: G5 = 0 , XF4 = 2G4,X
<latexit sha1_base64="6UhpNJCNiW+Jtcs71gebXeq7tCQ=">AAACAXicbVBNSwJBAJ3t0+xrq2OXQQk6iOyKUSCCEGRHg9QFV5bZ2VkdnP1wZjaQxVOX/kqXiC4F/YH+Qv+mUfei9mDg8d4bZt5zY0aFNIxfbWNza3tnN7eX3z84PDrWT047Iko4Jm0csYhbLhKE0ZC0JZWMWDEnKHAZ6bqj25nffSJc0Ch8lJOY9AM0CKlPMZJKcvRC07mCdQPatRK0x+MEedC6c6qwDiuw6aTVkjV19KJRNuaA68TMSBFkaDn6j+1FOAlIKDFDQvRMI5b9FHFJMSPTvJ0IEiM8QgOSzhtM4YWSPOhHXJ1Qwrm6lEOBEJPAVckAyaFY9Wbif14vkf5NP6VhnEgS4sVDfsKgjOBsDuhRTrBkE0UQ5lT9EOIh4ghLNVpeVTdXi66TTqVsGmXzoVps1LIRcuAcFMAlMME1aIB70AJtgMELeAOf4Et71l61d+1jEd3QsjtnYAna9x/I0JL8</latexit><latexit sha1_base64="6UhpNJCNiW+Jtcs71gebXeq7tCQ=">AAACAXicbVBNSwJBAJ3t0+xrq2OXQQk6iOyKUSCCEGRHg9QFV5bZ2VkdnP1wZjaQxVOX/kqXiC4F/YH+Qv+mUfei9mDg8d4bZt5zY0aFNIxfbWNza3tnN7eX3z84PDrWT047Iko4Jm0csYhbLhKE0ZC0JZWMWDEnKHAZ6bqj25nffSJc0Ch8lJOY9AM0CKlPMZJKcvRC07mCdQPatRK0x+MEedC6c6qwDiuw6aTVkjV19KJRNuaA68TMSBFkaDn6j+1FOAlIKDFDQvRMI5b9FHFJMSPTvJ0IEiM8QgOSzhtM4YWSPOhHXJ1Qwrm6lEOBEJPAVckAyaFY9Wbif14vkf5NP6VhnEgS4sVDfsKgjOBsDuhRTrBkE0UQ5lT9EOIh4ghLNVpeVTdXi66TTqVsGmXzoVps1LIRcuAcFMAlMME1aIB70AJtgMELeAOf4Et71l61d+1jEd3QsjtnYAna9x/I0JL8</latexit><latexit sha1_base64="6UhpNJCNiW+Jtcs71gebXeq7tCQ=">AAACAXicbVBNSwJBAJ3t0+xrq2OXQQk6iOyKUSCCEGRHg9QFV5bZ2VkdnP1wZjaQxVOX/kqXiC4F/YH+Qv+mUfei9mDg8d4bZt5zY0aFNIxfbWNza3tnN7eX3z84PDrWT047Iko4Jm0csYhbLhKE0ZC0JZWMWDEnKHAZ6bqj25nffSJc0Ch8lJOY9AM0CKlPMZJKcvRC07mCdQPatRK0x+MEedC6c6qwDiuw6aTVkjV19KJRNuaA68TMSBFkaDn6j+1FOAlIKDFDQvRMI5b9FHFJMSPTvJ0IEiM8QgOSzhtM4YWSPOhHXJ1Qwrm6lEOBEJPAVckAyaFY9Wbif14vkf5NP6VhnEgS4sVDfsKgjOBsDuhRTrBkE0UQ5lT9EOIh4ghLNVpeVTdXi66TTqVsGmXzoVps1LIRcuAcFMAlMME1aIB70AJtgMELeAOf4Et71l61d+1jEd3QsjtnYAna9x/I0JL8</latexit><latexit sha1_base64="6UhpNJCNiW+Jtcs71gebXeq7tCQ=">AAACAXicbVBNSwJBAJ3t0+xrq2OXQQk6iOyKUSCCEGRHg9QFV5bZ2VkdnP1wZjaQxVOX/kqXiC4F/YH+Qv+mUfei9mDg8d4bZt5zY0aFNIxfbWNza3tnN7eX3z84PDrWT047Iko4Jm0csYhbLhKE0ZC0JZWMWDEnKHAZ6bqj25nffSJc0Ch8lJOY9AM0CKlPMZJKcvRC07mCdQPatRK0x+MEedC6c6qwDiuw6aTVkjV19KJRNuaA68TMSBFkaDn6j+1FOAlIKDFDQvRMI5b9FHFJMSPTvJ0IEiM8QgOSzhtM4YWSPOhHXJ1Qwrm6lEOBEJPAVckAyaFY9Wbif14vkf5NP6VhnEgS4sVDfsKgjOBsDuhRTrBkE0UQ5lT9EOIh4ghLNVpeVTdXi66TTqVsGmXzoVps1LIRcuAcFMAlMME1aIB70AJtgMELeAOf4Et71l61d+1jEd3QsjtnYAna9x/I0JL8</latexit>

G5 = F5 = 0
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cT=1 implications

cT=1 tuning is stable�cn ⇠ (⇤3/⇤2)
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Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2
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M = 10-20 eV

Caveat

M . 10�8⇤3 ⇠ (1011 km)�1
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• How to reconcile with local tests of gravity?

• Can we say something general about UV 
completion? Analogous to frequency 
dependent refraction index: Kramers-
Kronig?

EFT of cosmological scales may not apply to LIGO-Virgo scales

Theory may break down (new states) at a scale parametrically lower than cutoff Λ3 

de Rham, Melville ’18

Speed of gravity may go to 1 at “short” scales 

Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2

2

E

LIGO/Virgo

UV cutoff

Lorentz breaking scale

Cosmology

LSS

C. de Rham and S. Melville PRL (2018)
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Can we rule out more?

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (�;µ⌫)

2
i

+G5(�, X)Gµ⌫�;µ⌫ +
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(�;µ⌫)

2 + 2(�;µ⌫)
3
⇤

<latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit><latexit sha1_base64="YIf9im6cKuJX/mC+86xDa6tpwxg="></latexit>

� F4(�, X)✏µ⌫⇢�✏
µ0⌫0⇢0��;µ�;µ0�;⌫⌫0�;⇢⇢0

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

�;µ�;µ0�;⌫⌫0�;⇢⇢0�;��0
<latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit>

↵H ⌘ �X2F4

G4
<latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit>

• Beyond Horndeski: • Braiding: ↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>

|↵H | . 10�2

<latexit sha1_base64="9TRf2Tz7guUX1kKX+14EEpRmV1A=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCG8tMKVRxU3DTZQX7gE4dMmmmDc08SDJCmXbhr7gRcaPgR/gL/o1pO5u2Hggczjnh3nu8mDOpLOvXyG1t7+zu5fcLB4dHxyfm6VlbRokgtEUiHomuhyXlLKQtxRSn3VhQHHicdrzx/dzvPFMhWRQ+qklM+wEehsxnBCstuWZx6mAej7DbmCKHUyklC5BtPaXXlZlrlqyytQDaJHZGSpCh6Zo/ziAiSUBDRTiWsmdbseqnWChGOJ0VnETSGJMxHtJ0sfoMXWppgPxI6BcqtFBXcjiQchJ4OhlgNZLr3lz8z+slyr/ppyyME0VDshzkJxypCM17QAMmKFF8ogkmgukNERlhgYnSbRX06fb6oZukXSnb1fLtQ7VUv8tKyEMRLuAKbKhBHRrQhBYQeIE3+IQvY2q8Gu/GxzKaM7I/57AC4/sPPR6THA==</latexit>

|↵B | . 10�2

<latexit sha1_base64="+jjHxYkHn73U7g/5msprLPQbPV8=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCG8tMKVRxU3TjsoJ9QKcOmTTThmYeJBmhTLvwV9yIuFHwI/wF/8a0nU1bDwQO55xw7z1ezJlUlvVr5DY2t7Z38ruFvf2DwyPz+KQlo0QQ2iQRj0THw5JyFtKmYorTTiwoDjxO297obua3n6mQLAof1TimvQAPQuYzgpWWXLM4cTCPh9i9nSCHUyklC5BtPaWXlalrlqyyNQdaJ3ZGSpCh4Zo/Tj8iSUBDRTiWsmtbseqlWChGOJ0WnETSGJMRHtB0vvoUnWupj/xI6BcqNFeXcjiQchx4OhlgNZSr3kz8z+smyr/qpSyME0VDshjkJxypCM16QH0mKFF8rAkmgukNERligYnSbRX06fbqoeukVSnb1fL1Q7VUv8lKyEMRzuACbKhBHe6hAU0g8AJv8AlfxsR4Nd6Nj0U0Z2R/TmEJxvcfM9aTFg==</latexit>

Forecasted constraints from the large-scale structure



Modified gravitational wave propagation

Spontaneously broken Lorentz invariance: absorption and dispersion. Effects depend on 
frequency.

�̈ij + [(3 + ↵M)H + �(k)] �̇ij +
⇥
c
2
T k

2 + f(k)
⇤
�ij = 0

<latexit sha1_base64="7WmHZwJKGnlvadjdwUNesTuuGLA="></latexit><latexit sha1_base64="7WmHZwJKGnlvadjdwUNesTuuGLA="></latexit><latexit sha1_base64="7WmHZwJKGnlvadjdwUNesTuuGLA="></latexit><latexit sha1_base64="7WmHZwJKGnlvadjdwUNesTuuGLA="></latexit>

�(k)

!
. 1

dS!
<latexit sha1_base64="62qVIDYi+GvC9S7JGOAB1CB2YOE=">AAACFnicbVBNS8MwAE3n15xfVY9egkOYl9GKMMHLwIMeJ7oPWEdJ03QLS5qSpMIo/R9e/CteRPSg4NV/Y7b1ss0Hgcd7LyTvBQmjSjvOr1VaW9/Y3CpvV3Z29/YP7MOjjhKpxKSNBROyFyBFGI1JW1PNSC+RBPGAkW4wvpn63SciFRXxo54kZMDRMKYRxUgbybcbXiQRzrxbxDmCtfF5nnmCkyHKoceIUopyOI+4eRb6D7Bwfbvq1J0Z4CpxC1IFBVq+/emFAqecxBozpFTfdRI9yJDUFDOSV7xUkQThMRqSbFYrh2dGCmEkpDmxhjN1IYe4UhMemCRHeqSWvan4n9dPdXQ1yGicpJrEeP5QlDKoBZxuBEMqCdZsYgjCkpofQjxCZgRtlqyY6u5y0VXSuai7Tt29v6w2r4sRyuAEnIIacEEDNMEdaIE2wOAFvIEv8G09W6/Wu/Uxj5as4s4xWID18wc5O58t</latexit><latexit sha1_base64="62qVIDYi+GvC9S7JGOAB1CB2YOE=">AAACFnicbVBNS8MwAE3n15xfVY9egkOYl9GKMMHLwIMeJ7oPWEdJ03QLS5qSpMIo/R9e/CteRPSg4NV/Y7b1ss0Hgcd7LyTvBQmjSjvOr1VaW9/Y3CpvV3Z29/YP7MOjjhKpxKSNBROyFyBFGI1JW1PNSC+RBPGAkW4wvpn63SciFRXxo54kZMDRMKYRxUgbybcbXiQRzrxbxDmCtfF5nnmCkyHKoceIUopyOI+4eRb6D7Bwfbvq1J0Z4CpxC1IFBVq+/emFAqecxBozpFTfdRI9yJDUFDOSV7xUkQThMRqSbFYrh2dGCmEkpDmxhjN1IYe4UhMemCRHeqSWvan4n9dPdXQ1yGicpJrEeP5QlDKoBZxuBEMqCdZsYgjCkpofQjxCZgRtlqyY6u5y0VXSuai7Tt29v6w2r4sRyuAEnIIacEEDNMEdaIE2wOAFvIEv8G09W6/Wu/Uxj5as4s4xWID18wc5O58t</latexit><latexit sha1_base64="62qVIDYi+GvC9S7JGOAB1CB2YOE=">AAACFnicbVBNS8MwAE3n15xfVY9egkOYl9GKMMHLwIMeJ7oPWEdJ03QLS5qSpMIo/R9e/CteRPSg4NV/Y7b1ss0Hgcd7LyTvBQmjSjvOr1VaW9/Y3CpvV3Z29/YP7MOjjhKpxKSNBROyFyBFGI1JW1PNSC+RBPGAkW4wvpn63SciFRXxo54kZMDRMKYRxUgbybcbXiQRzrxbxDmCtfF5nnmCkyHKoceIUopyOI+4eRb6D7Bwfbvq1J0Z4CpxC1IFBVq+/emFAqecxBozpFTfdRI9yJDUFDOSV7xUkQThMRqSbFYrh2dGCmEkpDmxhjN1IYe4UhMemCRHeqSWvan4n9dPdXQ1yGicpJrEeP5QlDKoBZxuBEMqCdZsYgjCkpofQjxCZgRtlqyY6u5y0VXSuai7Tt29v6w2r4sRyuAEnIIacEEDNMEdaIE2wOAFvIEv8G09W6/Wu/Uxj5as4s4xWID18wc5O58t</latexit><latexit sha1_base64="62qVIDYi+GvC9S7JGOAB1CB2YOE=">AAACFnicbVBNS8MwAE3n15xfVY9egkOYl9GKMMHLwIMeJ7oPWEdJ03QLS5qSpMIo/R9e/CteRPSg4NV/Y7b1ss0Hgcd7LyTvBQmjSjvOr1VaW9/Y3CpvV3Z29/YP7MOjjhKpxKSNBROyFyBFGI1JW1PNSC+RBPGAkW4wvpn63SciFRXxo54kZMDRMKYRxUgbybcbXiQRzrxbxDmCtfF5nnmCkyHKoceIUopyOI+4eRb6D7Bwfbvq1J0Z4CpxC1IFBVq+/emFAqecxBozpFTfdRI9yJDUFDOSV7xUkQThMRqSbFYrh2dGCmEkpDmxhjN1IYe4UhMemCRHeqSWvan4n9dPdXQ1yGicpJrEeP5QlDKoBZxuBEMqCdZsYgjCkpofQjxCZgRtlqyY6u5y0VXSuai7Tt29v6w2r4sRyuAEnIIacEEDNMEdaIE2wOAFvIEv8G09W6/Wu/Uxj5as4s4xWID18wc5O58t</latexit>

f(k)

!2
. 1

dS!
<latexit sha1_base64="6J2ac59gcQMiFsx3BqSjPRIsqZc=">AAACE3icbVBNS8MwAE39nPOr6tFLcAjzMtoxUPAy8OJxovuAdZY0S7ewpClJKozSn+HFv+JFxIMK/gD/jdnayzYfBB7vvZC8F8SMKu04v9ba+sbm1nZpp7y7t39waB8dd5RIJCZtLJiQvQApwmhE2ppqRnqxJIgHjHSDyc3M7z4RqaiIHvQ0JgOORhENKUbaSL7d8EKJcBrC6uQiSz3ByQg91jPoMaKUohzmvpulQ/8e5n7m2xWn5swBV4lbkAoo0PLtT28ocMJJpDFDSvVdJ9aDFElNMSNZ2UsUiRGeoBFJ550yeG6kIQyFNCfScK4u5BBXasoDk+RIj9WyNxP/8/qJDq8GKY3iRJMI5w+FCYNawNlAcEglwZpNDUFYUvNDiMfIjKDNjGVT3V0uuko69Zrr1Ny7RqV5XYxQAqfgDFSBCy5BE9yCFmgDDF7AG/gC39az9Wq9Wx95dM0q7pyABVg/f6IPncY=</latexit><latexit sha1_base64="6J2ac59gcQMiFsx3BqSjPRIsqZc=">AAACE3icbVBNS8MwAE39nPOr6tFLcAjzMtoxUPAy8OJxovuAdZY0S7ewpClJKozSn+HFv+JFxIMK/gD/jdnayzYfBB7vvZC8F8SMKu04v9ba+sbm1nZpp7y7t39waB8dd5RIJCZtLJiQvQApwmhE2ppqRnqxJIgHjHSDyc3M7z4RqaiIHvQ0JgOORhENKUbaSL7d8EKJcBrC6uQiSz3ByQg91jPoMaKUohzmvpulQ/8e5n7m2xWn5swBV4lbkAoo0PLtT28ocMJJpDFDSvVdJ9aDFElNMSNZ2UsUiRGeoBFJ550yeG6kIQyFNCfScK4u5BBXasoDk+RIj9WyNxP/8/qJDq8GKY3iRJMI5w+FCYNawNlAcEglwZpNDUFYUvNDiMfIjKDNjGVT3V0uuko69Zrr1Ny7RqV5XYxQAqfgDFSBCy5BE9yCFmgDDF7AG/gC39az9Wq9Wx95dM0q7pyABVg/f6IPncY=</latexit><latexit sha1_base64="6J2ac59gcQMiFsx3BqSjPRIsqZc=">AAACE3icbVBNS8MwAE39nPOr6tFLcAjzMtoxUPAy8OJxovuAdZY0S7ewpClJKozSn+HFv+JFxIMK/gD/jdnayzYfBB7vvZC8F8SMKu04v9ba+sbm1nZpp7y7t39waB8dd5RIJCZtLJiQvQApwmhE2ppqRnqxJIgHjHSDyc3M7z4RqaiIHvQ0JgOORhENKUbaSL7d8EKJcBrC6uQiSz3ByQg91jPoMaKUohzmvpulQ/8e5n7m2xWn5swBV4lbkAoo0PLtT28ocMJJpDFDSvVdJ9aDFElNMSNZ2UsUiRGeoBFJ550yeG6kIQyFNCfScK4u5BBXasoDk+RIj9WyNxP/8/qJDq8GKY3iRJMI5w+FCYNawNlAcEglwZpNDUFYUvNDiMfIjKDNjGVT3V0uuko69Zrr1Ny7RqV5XYxQAqfgDFSBCy5BE9yCFmgDDF7AG/gC39az9Wq9Wx95dM0q7pyABVg/f6IPncY=</latexit><latexit sha1_base64="6J2ac59gcQMiFsx3BqSjPRIsqZc=">AAACE3icbVBNS8MwAE39nPOr6tFLcAjzMtoxUPAy8OJxovuAdZY0S7ewpClJKozSn+HFv+JFxIMK/gD/jdnayzYfBB7vvZC8F8SMKu04v9ba+sbm1nZpp7y7t39waB8dd5RIJCZtLJiQvQApwmhE2ppqRnqxJIgHjHSDyc3M7z4RqaiIHvQ0JgOORhENKUbaSL7d8EKJcBrC6uQiSz3ByQg91jPoMaKUohzmvpulQ/8e5n7m2xWn5swBV4lbkAoo0PLtT28ocMJJpDFDSvVdJ9aDFElNMSNZ2UsUiRGeoBFJ550yeG6kIQyFNCfScK4u5BBXasoDk+RIj9WyNxP/8/qJDq8GKY3iRJMI5w+FCYNawNlAcEglwZpNDUFYUvNDiMfIjKDNjGVT3V0uuko69Zrr1Ny7RqV5XYxQAqfgDFSBCy5BE9yCFmgDDF7AG/gC39az9Wq9Wx95dM0q7pyABVg/f6IPncY=</latexit>

⇠ 10
�18 ⇥ 2⇡ ⇥ 100Hz

!

40Mpc

dS
<latexit sha1_base64="Zp2uDYXDgxnNP0hkkQxJYfC++UE="></latexit><latexit sha1_base64="Zp2uDYXDgxnNP0hkkQxJYfC++UE="></latexit><latexit sha1_base64="Zp2uDYXDgxnNP0hkkQxJYfC++UE="></latexit><latexit sha1_base64="Zp2uDYXDgxnNP0hkkQxJYfC++UE="></latexit>

See e.g.  Yunes, Yagi, Pretorius ’16;  Abbott et al. ‘17

dS

<latexit sha1_base64="Yf1jJRTkqNE26BRA19dVFLAa4TI=">AAAB4HicbVBNS0JBFL1jX2ZfVss2QxK0kvdCsGgjtGlpmB+gIvPmzdPBeR/M3BeIuG8T0aagX9Rf6N806tuoHRg4nHOGe8/1EiUNOs4vyW1t7+zu5fcLB4dHxyfF07OWiVPNRZPHKtYdjxmhZCSaKFGJTqIFCz0l2t74Ye63X4Q2Mo6ecZKIfsiGkQwkZ2ilhj9oDIolp+wsQDeJm5ESZKgPij89P+ZpKCLkihnTdZ0E+1OmUXIlZoVeakTC+JgNxXSx4IxeWcmnQazti5Au1JUcC42ZhJ5NhgxHZt2bi/953RSD2/5URkmKIuLLQUGqKMZ03pb6UguOamIJ41raDSkfMc042psUbHV3vegmad2U3Ur57qlSqt1nR8jDBVzCNbhQhRo8Qh2awGEIb/AJX8Qjr+SdfCyjOZL9OYcVkO8/EVCJXg==</latexit>
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(See also Nishizawa ’17; Ezquiaga & Zumalacarregui ’18, ’20;

Dalang, Fleury, Lombriser ’20)



Expanded action for ⍺H
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Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2

2

E

LIGO/Virgo

UV cutoff

Lorentz breaking scale

Cosmology

LSS

C. de Rham and S. Melville PRL (2018)
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one gets, neglecting the expansion of the universe,

(3)
R !

(3)
R� 2@i@j(Ni@j⇡) + 2@2(Ni@i⇡)� @i⇡@j ḣij � @i(@j⇡ḣij) + @i(@i⇡ḣ) + @i⇡@iḣ , (30)

which in our gauge becomes
(3)
R !

(3)
R� �̇ij@i@j⇡ . (31)

By multiplying by �g
00 after the Stueckelberg trick (see eq. (11)) this term generates the following

contribution to the action

�

Z
d4x

m̃
2

4

2
(2�� 2⇡̇)�̇ij@i@j⇡ , (32)

where we have retained only terms with the highest number of time derivatives.
For the terms quadratic in the extrinsic curvature in the bracket of eq. (27), it is enough to use the

linear Stueckelberg trick, eq. (12). While �K
2 does not generate terms linear in �ij unsuppressed by

H, �Kij�K
ij generates ��̇ij@i@j⇡. Multiplying by �g

00, this gives an identical contribution as eq. (32).
Replacing � using eq. (17) and integrating by parts, we finally obtain

S�⇡⇡ =
M

2

Pl
m̃

2

4

M
2

Pl
+ 2m̃2

4

Z
d4x �̈ij@i⇡@j⇡ . (33)

Using the canonically normalized fields defined in eqs. (20) and (24), the interaction vertex (33)
becomes

L�⇡⇡ =
1
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⇤
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(c)
ij @i⇡
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with
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2
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4
(M2
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4
)

. (35)

In the following we denote by p
µ, kµ

1
and k

µ
2
, respectively the 4-momentum of the decaying graviton

and of the two ⇡ fields in the final state. Therefore, in diagrammatic form in Fourier space, for a given
polarization � the interaction vertex reads

ij
= 2⇥

1

⇤3
⇤
p
2
k1mk2n


1

2
(�im�jn + �in�jm)�

1

3
�ij�mn

�
, (36)

where the factor of 2 comes from the two possibilities of associating k1 and k2.

3.2 Decay rate

Let us define the matrix element iA for a given polarization state � as

h{p,�}; in|k1, k2; outi ⌘ (2⇡)4�(4)(pµ � k
µ
1
� k

µ
2
) iA . (37)

The decay rate reads
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2
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2Ep

Z
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d3k2

(2⇡)32Ek2
(2⇡)4�(4)(pµ � k

µ
1
� k

µ
2
) h|iA |

2
i , (38)

(the factor 1/2 in front of the integral comes from considering identical final particles) where, for
any 4-vector q

µ, Eq denotes its time component and h|iA |
2
i is the square of the matrix element iA
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Denoting by p
µ, kµ

1
and k

µ
2
respectively the 4-momentum of the decaying graviton, of the ⇡ field and

of the graviton in the final state, in diagrammatic form the vertex reads

¾

¾

mn

ij
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⇤2
��⇡

EpEk1Ek2


1

2
(�im�jn + �in�jm)�

1

3
�ij�mn

�
. (117)

Note that this vertex has fewer derivatives than the vertex for �⇡⇡, see eq. (36), and the scale ⇤��⇡ is
much larger than ⇤⇤ defined in eq. (35), i.e. ⇤��⇡ ⇠ ⇤2 � ⇤⇤ ⇠ ⇤3. Thus, we expect a smaller decay
rate than the one from �⇡⇡ and a weaker constraint on m̃

2

4
. We will come back to this point at the

end of the section.

D.2 Decay rate

The decay rate reads

��!�⇡ =
1

2Ep

Z
d3k1

(2⇡)32Ek1

d3k2

(2⇡)32Ek2
(2⇡)4�(4)(pµ � k

µ
1
� k

µ
2
) h|iA |

2
i , (118)

where h|iA |
2
i is the the matrix element squared and averaged over the polarizations of the initial and

final states.
As done in Sec. 3.2, we can remove �(3)(p�k1�k2) by integrating over d3k2. Moreover, integrating

over dk1 using the on-shell conditions

Ep = p , Ek1 = csk1 , Ek2 = k2 , (119)

we can remove �(Ep�Ek1 �Ek2). To do that, we express k2 in terms of k1 and ⌦ = p ·k1/(pk1) using
eq. (40). In the following we assume 0 < cs  ⌦; the case cs > ⌦, and thus cs > 1, is kinematically
forbidden. Replacing k1 using

k1 =
2p(⌦� cs)

1� c2s
, (120)

we obtain

��!�⇡ =
1

2p

1

4⇡cs(1� c2s)

Z
1

cs

d⌦ h|iA |
2
i . (121)

Let us now compute h|iA |
2
i. This is given by

h|iA |
2
i =

1

2

X

�=±

X

�2=±
|iA |

2
, (122)

where the tree-level amplitude reads

iA = �
2

⇤2
��⇡

EpEk1Ek2 ✏
? �
ij (p)✏�2

ij (k2) . (123)

Using this expression, eq. (25) and the transversality condition, after some straightforward algebra we
find

h|iA |
2
i =

2

⇤4
��⇡

(cs p k1k2)
2


3 + 6

(k2 · p)2

k2

2p
2

+
(k2 · p)4

k4

2p
4

�
. (124)
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one gets, neglecting the expansion of the universe,

(3)
R !

(3)
R� 2@i@j(Ni@j⇡) + 2@2(Ni@i⇡)� @i⇡@j ḣij � @i(@j⇡ḣij) + @i(@i⇡ḣ) + @i⇡@iḣ , (30)

which in our gauge becomes
(3)
R !

(3)
R� �̇ij@i@j⇡ . (31)

By multiplying by �g
00 after the Stueckelberg trick (see eq. (11)) this term generates the following

contribution to the action

�

Z
d4x

m̃
2

4

2
(2�� 2⇡̇)�̇ij@i@j⇡ , (32)

where we have retained only terms with the highest number of time derivatives.
For the terms quadratic in the extrinsic curvature in the bracket of eq. (27), it is enough to use the

linear Stueckelberg trick, eq. (12). While �K
2 does not generate terms linear in �ij unsuppressed by

H, �Kij�K
ij generates ��̇ij@i@j⇡. Multiplying by �g

00, this gives an identical contribution as eq. (32).
Replacing � using eq. (17) and integrating by parts, we finally obtain

S�⇡⇡ =
M

2
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2

4

M
2

Pl
+ 2m̃2

4

Z
d4x �̈ij@i⇡@j⇡ . (33)

Using the canonically normalized fields defined in eqs. (20) and (24), the interaction vertex (33)
becomes
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⇤3
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ij @i⇡

(c)
@j⇡

(c)
, (34)

with
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4
(M2

Pl
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4
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. (35)

In the following we denote by p
µ, kµ

1
and k

µ
2
, respectively the 4-momentum of the decaying graviton

and of the two ⇡ fields in the final state. Therefore, in diagrammatic form in Fourier space, for a given
polarization � the interaction vertex reads

ij
= 2⇥

1

⇤3
⇤
p
2
k1mk2n


1

2
(�im�jn + �in�jm)�

1

3
�ij�mn

�
, (36)

where the factor of 2 comes from the two possibilities of associating k1 and k2.

3.2 Decay rate

Let us define the matrix element iA for a given polarization state � as

h{p,�}; in|k1, k2; outi ⌘ (2⇡)4�(4)(pµ � k
µ
1
� k

µ
2
) iA . (37)

The decay rate reads
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2Ep
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(2⇡)32Ek1

d3k2

(2⇡)32Ek2
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1
� k
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2
) h|iA |

2
i , (38)

(the factor 1/2 in front of the integral comes from considering identical final particles) where, for
any 4-vector q

µ, Eq denotes its time component and h|iA |
2
i is the square of the matrix element iA
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Creminelli, Lewandowski, Tambalo, FV ‘18

Decay allowed for cs < 1 (cs = sound speed of 𝜋 fluctuations; assume cT=1)

GW decay into scalar fluctuations 𝜋. Analogous to light absorption into a material.
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Decay enhanced by the large occupation number of the GWs ~ preheating

Coherent decay Creminelli, Tambalo, FV, Yingcharoenrat, ‘19

Classical wave:

Oscillator with changing frequency:

�ij = MPlh
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Figure 1 Space-time diagram in (t, z)-coordinates indicating the path taken by the gravitational-wave wave
packet (blue region). The ⇡ lightcone is narrower than the gravitational wave one.

the following we are going to use this change of variable also when � 6= 0, even if plane waves in the
original coordinates are not solution of eq. (3.3).

Then we can quantize ⇡ straightforwardly. More specifically, we decompose ⇡p̃ as

⇡p̃(u) =
1

cs

p
2pu

h
fp̃(u)âp̃ + f

?

p̃ (u)â
†
�p̃

i
, (3.6)

where
pu ⌘

cs

1� c2s

(|p|� cspz) , (3.7)

and âp̃ and â
†
�p̃ are the usual creation and annihilation operators satisfying the commutation relations,

[âp̃, â
†
p̃0 ] = (2⇡)3�(3)(p̃ � p̃0). The normalization is chosen for convenience. Indeed, for � = 0 the

evolution equation for ⇡ satisfies a free wave equation and each Fourier mode can be described as an
independent quantum harmonic oscillator. We assume that in this case ⇡ is in the standard Minkowski
vacuum, given by3

fp̃(u) = e
�ipuu , (� = 0) . (3.9)

To study the parametric resonance, will now show that eq. (3.3) can be written as a Mathieu
equation [29]. First, in terms of the new coordinates, eq. (3.3) becomes

[(1� c
2

s)@
2

u � c
�2

s (1� c
2

s)@
2

s � c
2

s(@
2

x + @
2

y)]⇡ + c
2

s� cos(!u)(@2

x � @
2

y)⇡ = 0 (3.10)

3It is straightforward to verify that eq. (3.9) is equivalent to the standard Minkowski vacuum, i.e.

⇡(x) =

Z
d3p
(2⇡)3

1p
2cs|p|

⇣
e
�ip·x

âp + e
ip·x

â
†
�p

⌘
, (3.8)

upon use of d3p̃/d3p = cspu/|p| and, consequently, of âp̃ = [|p|/(cspu)]1/2 âp.
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Decay enhanced by the large occupation number of the GWs ~ preheating

Coherent decay Creminelli, Tambalo, FV, Yingcharoenrat, ‘19

Oscillator with changing frequency:

Each Fourier mode satisfies a Mathieu equation 

⇒ parametric resonance.

(a)

|Re    ¹|

(b)

Figure 2 Left panel (Fig. 2a): Instability chart for the Mathieu equation (3.12). Colored regions are stable
while empty regions are unstable. Each instability band is spanned by � 2

�
�

⇡
2 , 0

�
. Right panel (Fig. 2b):

Instability bands as functions of ⌦ and c
2
sp

2
/!

2 assuming � = 0. Light blue regions are unstable: the color
grading indicates the coe�cient of instability |Reµ|. The plot is obtained using � = 25 and cs = 1/2.

For convenience we can also define the dimensionless time variable ⌧ ,

⌧ ⌘
!u

2
. (3.11)

For each Fourier mode, f satisfies

d2f

d⌧2
+ [A� 2q cos(2⌧)]f = 0 , (3.12)

with

A = 4
c
2
s p

2

!2

(1� cs⌦)2

(1� c2s)
2

=
4p2u
!2

, (3.13)

q = 2�
c
2
s p

2

!2

(1� ⌦2) cos(2�)

1� c2s

. (3.14)

To writeA and q we have decomposed the vector p in polar coordinates, p = |p|(sin ✓ cos�, sin ✓ sin�, cos ✓),
and we have defined ⌦ ⌘ pz/|p| = cos ✓.

The general solution of the Mathieu equation is of the form e
±µ⌧

P (⌧), where P (⌧+⇡) = P (⌧) [29].
If the characteristic exponent µ has a real part, the solution of the Mathieu equation is unstable for
generic initial conditions. Since µ is a function of A and q, the instability region can be represented on
the (q, A)-plane, see Fig. 2a. The unstable regions are also shown in Fig. 2b on the plane (⌦, c2s p

2
/!

2),
for specific values of the other parameters (in the example in the figure we take � = 25 [FV: Could

you please check the value of � for cs = 1/2, h+
0
= 10�19.5

, ! = ⇤3 and ⇤ = ⇤2]). Notice that
the maximal exponential growth is reached when the ratio q/A has its maximum at ⌦ = cs and � = 0.
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Figure 5 The blue regions indicate where our approximations apply and one has a sizeable modification of the
GW signal. Above the red dashed lines the e↵ect of ⇡ non-linearities is small. The upper blue dashed lines
indicate the line � = 1: our analytical approximation holds for � ⌧ 1, but it is probably a good approximation
also for � . 1. One has a sizeable e↵ect on the GW above the lower dashed blue lines. This mainly depends
on the exponential of �Ncyc and since Ncyc is fixed once Mc and f are given, this constraint is to a good
approximation a lower bound on �. Left panel (Fig. 5a): LIGO/Virgo case: f = 30 Hz, Mc = 1.188 M� as for
GW170817. Right panel (Fig. 5b): LISA case: f = 10�2 Hz, Mc = 30 M� as for GW150914.

where the term �Ncyc roughly coincides with the argument of the exponential in eqs. (5.1) and (5.6).
Finally, a further constraint to impose is the narrow resonance condition � ⌧ 1.

In Figs. 5a and 5b we plot these three constraints as a function of ↵H and the distance between
the source and the resonant decay of the GW into ⇡ (therefore this is not the distance between the
source and the detector). The first plot is done for a ground-based interferometer with LIGO/Virgo-
like sensitivity; in order to maximise the number of oscillation we choose a neutron-star event similar
to GW170817. The second plot is for a space-based interferometer with LISA-like sensitivity and a
binary black hole event similar to GW150914. The blue region corresponds to a sizeable modification
of the GW signal, calculable within our approximation. The neutron-star merger GW170817 is at a
distance of approximately 40 Mpc. The absence of sizeable e↵ects (�� > 0.1�) in the observed event
puts constraints on a resonant e↵ect that takes place at less than 40 Mpc from the source and rules
out the interval: 5⇥ 10�20 . ↵H . 10�18.

For comparison, the bound coming from the perturbative decay of the graviton, see eq. (46) of
[1], reads ↵H . 10�10. Notice that, when the GW is closer to the source, its amplitude is larger
and � will exceed unity. At a certain point one enters the Vainshtein regime and the coupling �⇡⇡

On the other hand the coe�cient of the operator �̈ij@i⇡@j⇡ reads (see App. B of [1])
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The two coincide, modulo a factor of 2, up to relative corrections suppressed by c
2
T � 1.
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Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2
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Figure 5 The blue regions indicate where our approximations apply and one has a sizeable modification of the
GW signal. Above the red dashed lines the e↵ect of ⇡ non-linearities is small. The upper blue dashed lines
indicate the line � = 1: our analytical approximation holds for � ⌧ 1, but it is probably a good approximation
also for � . 1. One has a sizeable e↵ect on the GW above the lower dashed blue lines. This mainly depends
on the exponential of �Ncyc and since Ncyc is fixed once Mc and f are given, this constraint is to a good
approximation a lower bound on �. Left panel (Fig. 5a): LIGO/Virgo case: f = 30 Hz, Mc = 1.188 M� as for
GW170817. Right panel (Fig. 5b): LISA case: f = 10�2 Hz, Mc = 30 M� as for GW150914.

where the term �Ncyc roughly coincides with the argument of the exponential in eqs. (5.1) and (5.6).
Finally, a further constraint to impose is the narrow resonance condition � ⌧ 1.

In Figs. 5a and 5b we plot these three constraints as a function of ↵H and the distance between
the source and the resonant decay of the GW into ⇡ (therefore this is not the distance between the
source and the detector). The first plot is done for a ground-based interferometer with LIGO/Virgo-
like sensitivity; in order to maximise the number of oscillation we choose a neutron-star event similar
to GW170817. The second plot is for a space-based interferometer with LISA-like sensitivity and a
binary black hole event similar to GW150914. The blue region corresponds to a sizeable modification
of the GW signal, calculable within our approximation. The neutron-star merger GW170817 is at a
distance of approximately 40 Mpc. The absence of sizeable e↵ects (�� > 0.1�) in the observed event
puts constraints on a resonant e↵ect that takes place at less than 40 Mpc from the source and rules
out the interval: 5⇥ 10�20 . ↵H . 10�18.

For comparison, the bound coming from the perturbative decay of the graviton, see eq. (46) of
[1], reads ↵H . 10�10. Notice that, when the GW is closer to the source, its amplitude is larger
and � will exceed unity. At a certain point one enters the Vainshtein regime and the coupling �⇡⇡

On the other hand the coe�cient of the operator �̈ij@i⇡@j⇡ reads (see App. B of [1])
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The two coincide, modulo a factor of 2, up to relative corrections suppressed by c
2
T � 1.
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Theory after no decay
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� F4(�, X)✏µ⌫⇢�✏
µ0⌫0⇢0��;µ�;µ0�;⌫⌫0�;⇢⇢0

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

�;µ�;µ0�;⌫⌫0�;⇢⇢0�;��0
<latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit><latexit sha1_base64="C9HWRLvrxx71bVnVpBrDVgJGiZg="></latexit>

↵H ⌘ �X2F4

G4
<latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit><latexit sha1_base64="j12Ky9HRuCH5McS9Eeff3UuRKLo=">AAACBXicbVBLSwMxGPy2vmp9rXr0EiyKF8tuKSh4KQjaYwX7gG5dsmm2Dc0+TLKFsvTsxb/iRcSLglf/gv/GtO6lrQOBYWZCMuPFnEllWT9GbmV1bX0jv1nY2t7Z3TP3D5oySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Q2vp35rRIVkUXivxjHtBrgfMp8RrLTkmqcO5vEAuzXk0MeEjdA5cnyBSdp+KKMbt4Im6a1bmbhm0SpZM6BlYmekCBnqrvnt9CKSBDRUhGMpO7YVq26KhWKE00nBSSSNMRniPk1nLSboREs95EdCn1ChmTqXw4GU48DTyQCrgVz0puJ/XidR/mU3ZWGcKBqSv4f8hCMVoekkqMcEJYqPNcFEMP1DRAZYj6D0cAVd3V4sukya5ZJtley7SrF6lY2QhyM4hjOw4QKqUIM6NIDAM7zCB3waT8aL8Wa8/0VzRnbnEOZgfP0C8Y+Wqg==</latexit>

• Beyond Horndeski: • Braiding: ↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>



Same calculation but with

Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>

Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2

2

E

LIGO/Virgo

UV cutoff

Lorentz breaking scale

Cosmology

LSS

C. de Rham and S. Melville PRL (2018)
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L =
1

2

�
⇡̇2 � c2s(@k⇡)

2
�
+

1

4

�
(�̇ij)

2 � (@k�ij)
2
�

<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

Exponential growth quenched by large self-couplings of 𝜋. 


Kills the effect? Simulations ~ preheating

↵B
<latexit sha1_base64="/RaRJzFaU7nG6AqNAQvtUhWdnOg=">AAAB5XicbVDLSgNBEOyNrxhfUY9eBoPgKez6QMFL0IvHCOYBSQi9k9lkyOyDmV4hhHyCFxEvCv6Ov+DfOEn2ksSCgaKqhu5qP1HSkOv+Orm19Y3Nrfx2YWd3b/+geHhUN3GquajxWMW66aMRSkaiRpKUaCZaYOgr0fCHD1O/8SK0kXH0TKNEdELsRzKQHMlKzTaqZIDd+26x5JbdGdgq8TJSggzVbvGn3Yt5GoqIuEJjWp6bUGeMmiRXYlJop0YkyIfYF+PZlhN2ZqUeC2JtX0Rspi7kMDRmFPo2GSINzLI3Ff/zWikFt52xjJKURMTng4JUMYrZtDLrSS04qZElyLW0GzI+QI2c7GEKtrq3XHSV1C/K3mX5+umqVLnLjpCHEziFc/DgBirwCFWoAQcFb/AJX07feXXenY95NOdkf45hAc73H6oVi3g=</latexit>

� =
|↵B |
↵c2s

!

H
h
+
0

<latexit sha1_base64="6FxES/P1G+qcRonbIPBCEMNr1MM=">AAACJnicbVDLSgMxFM34tr6qLt1cLIIglBkfKIggurDLCrYVOnW4k2baYOZBkhHKOP/jxv9w5UZEBAU/xfThQuuFwMk555Kc4yeCK23b79bE5NT0zOzcfGFhcWl5pbi6VldxKimr0VjE8tpHxQSPWE1zLdh1IhmGvmAN//a8rzfumFQ8jq50L2GtEDsRDzhFbSiveOH6TCOcgBtIpBncuyiSLnpn9wB5NrwA9dTNLuQ/HjcOWQeNXMkBup59swPgFUt22R4MjANnBEpkNFWv+OS2Y5qGLNJUoFJNx050K0OpORUsL7ipYgnSW+ywbBAzhy1DtSGIpTmRhgH7y4ehUr3QN84QdVf91frkf1oz1cFRK+NRkmoW0eFDQSpAx9DvDNpcMqpFzwCkkpsfAu2i6UKbZgsmuvM36Dio75advfLB5X7p9HhUwhzZIJtkmzjkkJySCqmSGqHkkbyQD/JpPVjP1qv1NrROWKOddfJrrK9vxySjMA==</latexit>

No clear constraints on      …

⇤2 ⌘ (H0MPl)
1/2

<latexit sha1_base64="y6VnyFWat/7OBUP5+OYtkOQJotA=">AAACBnicbVBLSwMxGPy2vmp9VT16CRaxXupuKSh4KXjpQaGCfUC3Ltls2oZmHybZQll69+Jf8SLiRcGjf8F/Y9rupdWBwDAzIZlxI86kMs0fI7Oyura+kd3MbW3v7O7l9w+aMowFoQ0S8lC0XSwpZwFtKKY4bUeCYt/ltOUOr6d+a0SFZGFwr8YR7fq4H7AeI1hpycmf2jc67GGnjGz6GLMRKtYcE906iS18VOeTs4fEOi9PnHzBLJkzoL/ESkkBUtSd/LfthST2aaAIx1J2LDNS3QQLxQink5wdSxphMsR9msxqTNCJljzUC4U+gUIzdSGHfSnHvquTPlYDuexNxf+8Tqx6l92EBVGsaEDmD/VijlSIppsgjwlKFB9rgolg+oeIDLDAROnlcrq6tVz0L2mWS1alVLmrFKpX6QhZOIJjKIIFF1CFGtShAQSe4RU+4NN4Ml6MN+N9Hs0Y6Z1DWIDx9QsdSZa7</latexit>

+↵B


1

⇤3
3

@2⇡(@⇡)2 +
1

⇤2
2

�̇ij@i⇡@j⇡ +
1

MPl
⇡�̇2

ij

�

<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>



Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>

+↵B


1

⇤3
3

@2⇡(@⇡)2 +
1

⇤2
2

�̇ij@i⇡@j⇡ +
1

MPl
⇡�̇2

ij

�

<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>
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2
�

<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

The regime               seems problematic: � > 1
<latexit sha1_base64="X4p4P27R8/2G+Llkqx8/sGyXFGg=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QEGQgBePEcwDkhBmJ73JkNkHM71CCPkDLyJeFPwef8G/cZLsJYkFA0VVDd3VfqKkIdf9dXJr6xubW/ntws7u3v5B8fCobuJUC6yJWMW66XODSkZYI0kKm4lGHvoKG/7wYeo3XlAbGUfPNEqwE/J+JAMpOFmp0faR+L3XLZbcsjsDWyVeRkqQodot/rR7sUhDjEgobkzLcxPqjLkmKRROCu3UYMLFkPdxPFtyws6s1GNBrO2LiM3UhRwPjRmFvk2GnAZm2ZuK/3mtlILbzlhGSUoYifmgIFWMYjZtzHpSoyA1soQLLe2GTAy45oLsXQq2urdcdJXUL8reZfn66apUucuOkIcTOIVz8OAGKvAIVaiBgCG8wSd8OYHz6rw7H/Nozsn+HMMCnO8/m8uK0g==</latexit>

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

<latexit sha1_base64="zYbAK3ZSAF4qWtbfuMFA3Gz8gWk="></latexit>

< 0
<latexit sha1_base64="jXu1NDazpyk6vcth1C7MqeZ5dqs=">AAAB33icdVDLSgMxFL1TX7W+qi7dBIvgasi0Y1vRRcGNyyr2AW0pmTTThmYeJBmhlK7diLhR8I/8Bf/GTFsXFT0QOJxzwr3nerHgSmP8ZWXW1jc2t7LbuZ3dvf2D/OFRU0WJpKxBIxHJtkcUEzxkDc21YO1YMhJ4grW88U3qtx6ZVDwKH/QkZr2ADEPuc0q0ke6vcT9fwPZltVx0ywjbGFecopOSYsUtucgxSooCLFHv5z+7g4gmAQs1FUSpjoNj3ZsSqTkVbJbrJorFhI7JkE3n+83QmZEGyI+keaFGc3UlRwKlJoFnkgHRI/XbS8W/vE6i/WpvysM40Syki0F+IpCOUFoWDbhkVIuJIYRKbjZEdEQkodqcJGeq//RD/5Nm0XZK9sWdW6hdLY+QhRM4hXNwoAI1uIU6NICCD8/wBu8WsZ6sF+t1Ec1Yyz/HsALr4xtMVYjn</latexit>

gradient instability

� =
|↵B |
↵c2s
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0

<latexit sha1_base64="6FxES/P1G+qcRonbIPBCEMNr1MM=">AAACJnicbVDLSgMxFM34tr6qLt1cLIIglBkfKIggurDLCrYVOnW4k2baYOZBkhHKOP/jxv9w5UZEBAU/xfThQuuFwMk555Kc4yeCK23b79bE5NT0zOzcfGFhcWl5pbi6VldxKimr0VjE8tpHxQSPWE1zLdh1IhmGvmAN//a8rzfumFQ8jq50L2GtEDsRDzhFbSiveOH6TCOcgBtIpBncuyiSLnpn9wB5NrwA9dTNLuQ/HjcOWQeNXMkBup59swPgFUt22R4MjANnBEpkNFWv+OS2Y5qGLNJUoFJNx050K0OpORUsL7ipYgnSW+ywbBAzhy1DtSGIpTmRhgH7y4ehUr3QN84QdVf91frkf1oz1cFRK+NRkmoW0eFDQSpAx9DvDNpcMqpFzwCkkpsfAu2i6UKbZgsmuvM36Dio75advfLB5X7p9HhUwhzZIJtkmzjkkJySCqmSGqHkkbyQD/JpPVjP1qv1NrROWKOddfJrrK9vxySjMA==</latexit>



Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>

+↵B
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<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>
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<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

The regime               seems problematic: � > 1
<latexit sha1_base64="X4p4P27R8/2G+Llkqx8/sGyXFGg=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QEGQgBePEcwDkhBmJ73JkNkHM71CCPkDLyJeFPwef8G/cZLsJYkFA0VVDd3VfqKkIdf9dXJr6xubW/ntws7u3v5B8fCobuJUC6yJWMW66XODSkZYI0kKm4lGHvoKG/7wYeo3XlAbGUfPNEqwE/J+JAMpOFmp0faR+L3XLZbcsjsDWyVeRkqQodot/rR7sUhDjEgobkzLcxPqjLkmKRROCu3UYMLFkPdxPFtyws6s1GNBrO2LiM3UhRwPjRmFvk2GnAZm2ZuK/3mtlILbzlhGSUoYifmgIFWMYjZtzHpSoyA1soQLLe2GTAy45oLsXQq2urdcdJXUL8reZfn66apUucuOkIcTOIVz8OAGKvAIVaiBgCG8wSd8OYHz6rw7H/Nozsn+HMMCnO8/m8uK0g==</latexit>

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

<latexit sha1_base64="zYbAK3ZSAF4qWtbfuMFA3Gz8gWk="></latexit>

We must check whether this is true even when we include nonlinearities

• Gradient instabilities: imaginary solution of                            for      

Classical Stability of the DGP: conditions for stability

Conditions for stability

π̂

δπ

π = π̂ + δπ  

• The quadratic lagrangian and EOM for �⇡ around a configuration ⇡̂(x)

(for frequencies ! � @⇡̂(x)/⇡̂(x)) are

L�⇡ = Zµ⌫ [⇡̂(x)]@
µ
�⇡@

⌫
�⇡ , Zµ⌫ [⇡̂(x)]@

µ
@
⌫
�⇡ = 0

• The dispersion relation is obtained by the solutions of Zµ⌫k
µ
k
⌫ = 0

• Absence of gradient instabilities) all solutions for kµ are real.
Equivalently the matrix Z0iZ0j � Z00Zij has to be positive-definite

• Absence of ghost instabilities) Z00 > 0

11

⇡ = ⇡̂ + �⇡
<latexit sha1_base64="HA6GU9ndA/UCKgPRBibskOsHTJI=">AAACF3icbVDLSgMxFM34rPVVdekmWARBKDM+sCBCwY3LCvYBnVIymds2NPMguSOUoR/ixl9xI9KNgkv/xnRahLYeCBzOOcnNPV4shUbb/rFWVtfWNzZzW/ntnd29/cLBYV1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wf3EbzyD0iIKn3AYQztgvVB0BWdopE6h7MaC3tHUzZ5KFfgj6vYZUqOP6Pmf4ckEjOODRJZ5nULRLtkZ6DJxZqRIZqh2CmPXj3gSQIhcMq1bjh1jO2UKBZcwyruJhpjxAetBms0c0VMj+bQbKXNCpJk6l2OB1sPAM8mAYV8vehPxP6+VYLfcTkUYJwghnw7qJpJiRCclUV8o4CiHhjCuhPkh5X2mGEdTZd6s7iwuukzqFyXnsnT9eFWs3M5KyJFjckLOiENuSIU8kCqpEU5eyTv5JF/Wi/VmfVjjaXTFmt05InOwvn8BcTmfRQ==</latexit>

Zµ⌫ [⇡̂(x)]@
µ@⌫�⇡ = 0

<latexit sha1_base64="cRjSyKnc/Z3fopkZOnlU1E8XV4I=">AAACI3icbVDLSgMxFM3UV62vqks3wSLUTZnxgYIIBV24rGAf2KlDJpO2oZnMkNwRS+nnuPFLBDcibir4L2baIrR6IXDuOedyc48fC67BtkdWZmFxaXklu5pbW9/Y3Mpv79R0lCjKqjQSkWr4RDPBJasCB8EasWIk9AWr+72rVK8/MqV5JO+gH7NWSDqStzklYCgvf33vDdwwwa5MhriJ3S4B7Ma8+HSIWwYQBZyIh7Hjt5GmCZgAkjrxpY29fMEu2ePCf4EzBQU0rYqXf3WDiCYhk0AF0brp2DG0BukCKtgw5yaaxYT2SIcNxjcO8YGhAtyOlHkS8Jid8ZFQ637oG2dIoKvntZT8T2sm0D5vDbiME2CSTha1E4EhwmlgOOCKURB9AwhV3PwQ0y5RhIKJNWdOd+YP/QtqRyXnuHR6e1IoX0xDyKI9tI+KyEFnqIxuUAVVEUUv6B2N0Jf1bL1ZH9bnxJqxpjO7aKas7x+AiKKu</latexit>

Zµ⌫k
µk⌫ = 0

<latexit sha1_base64="uhT5z5OI3AJYtP6HYOQc3QU/AkM=">AAAB+XicbVDLSgMxFL1TX7W+Rt3pJlgEV2VGCioiFNy4rGAf2NaSSdM2NJMZ8hDKUPBX3Ii4UfAn/AX/xkw7m7YeSDicc0LuPUHMmdKe9+vkVlbX1jfym4Wt7Z3dPXf/oK4iIwmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLpN/cYzlYpF4kGPY9oJ8UCwPiNYW6nrHj12k3ZoUFuYCRo9pdTewqAbr+sWvZI3BVomfkaKkKHadX/avYiYkApNOFaq5Xux7iRYakY4nRTaRtEYkxEe0GQ6+QSdWqmH+pG0R2g0VedyOFRqHAY2GWI9VIteKv7ntYzuX3YSJmKjqSCzj/qGIx2htAbUY5ISzceWYCKZnRCRIZaYaFtWwa7uLy66TOrnJb9curovFyvXWQl5OIYTOAMfLqACd1CFGhB4gTf4hC8ncV6dd+djFs052ZtDmIPz/QdBUZKJ</latexit>

kµ

<latexit sha1_base64="IXresNX3DKsS+iQfzVSbzOhgEo8=">AAAB43icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoOIl4MVjBPOAJIbZSW8yZvbBTK8QQr7Ai4gXBf/HX/BvnCR7SWLBQFFVQ3e1nyhpyHV/ndza+sbmVn67sLO7t39QPDyqmzjVAmsiVrFu+tygkhHWSJLCZqKRh77Chj+8m/qNF9RGxtEjjRLshLwfyUAKTlaqs+FTO0y7xZJbdmdgq8TLSAkyVLvFn3YvFmmIEQnFjWl5bkKdMdckhcJJoZ0aTLgY8j6OZztO2JmVeiyItX0RsZm6kOOhMaPQt8mQ08Ase1PxP6+VUnDdGcsoSQkjMR8UpIpRzKaFWU9qFKRGlnChpd2QiQHXXJA9S8FW95aLrpL6Rdm7LN88XJYqt9kR8nACp3AOHlxBBe6hCjUQ8Axv8AlfDjqvzrvzMY/mnOzPMSzA+f4DFoyKjQ==</latexit>

• Ghost instabilities: Z00 < 0

<latexit sha1_base64="yDtrEvuQ0ukAhFnpUsDRhQcCgR4=">AAAB53icbVDLSgMxFL1TX7W+qi7dBIvgqmSkoKKLghuXFeyDPiiZNNOGZpIhyQhl6De4EXGj4N/4C/6NaTubth4IHM454d5zg1hwYzH+9XIbm1vbO/ndwt7+weFR8fikYVSiKatTJZRuBcQwwSWrW24Fa8WakSgQrBmMH2Z+84Vpw5V8tpOY9SIylDzklFgntdv9FOMpuke4XyzhMp4DrRM/IyXIUOsXf7oDRZOISUsFMabj49j2UqItp4JNC93EsJjQMRmydL7nFF04aYBCpd2TFs3VpRyJjJlEgUtGxI7MqjcT//M6iQ1veimXcWKZpItBYSKQVWhWGg24ZtSKiSOEau42RHRENKHWnabgqvurRddJ46rsV8q3T5VS9S47Qh7O4BwuwYdrqMIj1KAOFCS8wSd8edx79d69j0U052V/TmEJ3vcfkaOLSw==</latexit>

� =
|↵B |
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<latexit sha1_base64="6FxES/P1G+qcRonbIPBCEMNr1MM=">AAACJnicbVDLSgMxFM34tr6qLt1cLIIglBkfKIggurDLCrYVOnW4k2baYOZBkhHKOP/jxv9w5UZEBAU/xfThQuuFwMk555Kc4yeCK23b79bE5NT0zOzcfGFhcWl5pbi6VldxKimr0VjE8tpHxQSPWE1zLdh1IhmGvmAN//a8rzfumFQ8jq50L2GtEDsRDzhFbSiveOH6TCOcgBtIpBncuyiSLnpn9wB5NrwA9dTNLuQ/HjcOWQeNXMkBup59swPgFUt22R4MjANnBEpkNFWv+OS2Y5qGLNJUoFJNx050K0OpORUsL7ipYgnSW+ywbBAzhy1DtSGIpTmRhgH7y4ehUr3QN84QdVf91frkf1oz1cFRK+NRkmoW0eFDQSpAx9DvDNpcMqpFzwCkkpsfAu2i6UKbZgsmuvM36Dio75advfLB5X7p9HhUwhzZIJtkmzjkkJySCqmSGqHkkbyQD/JpPVjP1qv1NrROWKOddfJrrK9vxySjMA==</latexit>



Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>

+↵B
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<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>
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<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

The regime               seems problematic: � > 1
<latexit sha1_base64="X4p4P27R8/2G+Llkqx8/sGyXFGg=">AAAB5HicbVDLSgNBEOyNrxhfUY9eBoPgKez6QEGQgBePEcwDkhBmJ73JkNkHM71CCPkDLyJeFPwef8G/cZLsJYkFA0VVDd3VfqKkIdf9dXJr6xubW/ntws7u3v5B8fCobuJUC6yJWMW66XODSkZYI0kKm4lGHvoKG/7wYeo3XlAbGUfPNEqwE/J+JAMpOFmp0faR+L3XLZbcsjsDWyVeRkqQodot/rR7sUhDjEgobkzLcxPqjLkmKRROCu3UYMLFkPdxPFtyws6s1GNBrO2LiM3UhRwPjRmFvk2GnAZm2ZuK/3mtlILbzlhGSUoYifmgIFWMYjZtzHpSoyA1soQLLe2GTAy45oLsXQq2urdcdJXUL8reZfn66apUucuOkIcTOIVz8OAGKvAIVaiBgCG8wSd8OYHz6rw7H/Nozsn+HMMCnO8/m8uK0g==</latexit>

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

<latexit sha1_base64="zYbAK3ZSAF4qWtbfuMFA3Gz8gWk="></latexit>

We must check whether this is true even when we include nonlinearities

• Gradient instabilities: imaginary solution of                            for      

Classical Stability of the DGP: conditions for stability

Conditions for stability

π̂

δπ

π = π̂ + δπ  

• The quadratic lagrangian and EOM for �⇡ around a configuration ⇡̂(x)

(for frequencies ! � @⇡̂(x)/⇡̂(x)) are

L�⇡ = Zµ⌫ [⇡̂(x)]@
µ
�⇡@

⌫
�⇡ , Zµ⌫ [⇡̂(x)]@

µ
@
⌫
�⇡ = 0

• The dispersion relation is obtained by the solutions of Zµ⌫k
µ
k
⌫ = 0

• Absence of gradient instabilities) all solutions for kµ are real.
Equivalently the matrix Z0iZ0j � Z00Zij has to be positive-definite

• Absence of ghost instabilities) Z00 > 0

11

⇡ = ⇡̂ + �⇡
<latexit sha1_base64="HA6GU9ndA/UCKgPRBibskOsHTJI=">AAACF3icbVDLSgMxFM34rPVVdekmWARBKDM+sCBCwY3LCvYBnVIymds2NPMguSOUoR/ixl9xI9KNgkv/xnRahLYeCBzOOcnNPV4shUbb/rFWVtfWNzZzW/ntnd29/cLBYV1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wf3EbzyD0iIKn3AYQztgvVB0BWdopE6h7MaC3tHUzZ5KFfgj6vYZUqOP6Pmf4ckEjOODRJZ5nULRLtkZ6DJxZqRIZqh2CmPXj3gSQIhcMq1bjh1jO2UKBZcwyruJhpjxAetBms0c0VMj+bQbKXNCpJk6l2OB1sPAM8mAYV8vehPxP6+VYLfcTkUYJwghnw7qJpJiRCclUV8o4CiHhjCuhPkh5X2mGEdTZd6s7iwuukzqFyXnsnT9eFWs3M5KyJFjckLOiENuSIU8kCqpEU5eyTv5JF/Wi/VmfVjjaXTFmt05InOwvn8BcTmfRQ==</latexit>

Zµ⌫ [⇡̂(x)]@
µ@⌫�⇡ = 0

<latexit sha1_base64="cRjSyKnc/Z3fopkZOnlU1E8XV4I=">AAACI3icbVDLSgMxFM3UV62vqks3wSLUTZnxgYIIBV24rGAf2KlDJpO2oZnMkNwRS+nnuPFLBDcibir4L2baIrR6IXDuOedyc48fC67BtkdWZmFxaXklu5pbW9/Y3Mpv79R0lCjKqjQSkWr4RDPBJasCB8EasWIk9AWr+72rVK8/MqV5JO+gH7NWSDqStzklYCgvf33vDdwwwa5MhriJ3S4B7Ma8+HSIWwYQBZyIh7Hjt5GmCZgAkjrxpY29fMEu2ePCf4EzBQU0rYqXf3WDiCYhk0AF0brp2DG0BukCKtgw5yaaxYT2SIcNxjcO8YGhAtyOlHkS8Jid8ZFQ637oG2dIoKvntZT8T2sm0D5vDbiME2CSTha1E4EhwmlgOOCKURB9AwhV3PwQ0y5RhIKJNWdOd+YP/QtqRyXnuHR6e1IoX0xDyKI9tI+KyEFnqIxuUAVVEUUv6B2N0Jf1bL1ZH9bnxJqxpjO7aKas7x+AiKKu</latexit>

Zµ⌫k
µk⌫ = 0

<latexit sha1_base64="uhT5z5OI3AJYtP6HYOQc3QU/AkM=">AAAB+XicbVDLSgMxFL1TX7W+Rt3pJlgEV2VGCioiFNy4rGAf2NaSSdM2NJMZ8hDKUPBX3Ii4UfAn/AX/xkw7m7YeSDicc0LuPUHMmdKe9+vkVlbX1jfym4Wt7Z3dPXf/oK4iIwmtkYhHshlgRTkTtKaZ5rQZS4rDgNNGMLpN/cYzlYpF4kGPY9oJ8UCwPiNYW6nrHj12k3ZoUFuYCRo9pdTewqAbr+sWvZI3BVomfkaKkKHadX/avYiYkApNOFaq5Xux7iRYakY4nRTaRtEYkxEe0GQ6+QSdWqmH+pG0R2g0VedyOFRqHAY2GWI9VIteKv7ntYzuX3YSJmKjqSCzj/qGIx2htAbUY5ISzceWYCKZnRCRIZaYaFtWwa7uLy66TOrnJb9curovFyvXWQl5OIYTOAMfLqACd1CFGhB4gTf4hC8ncV6dd+djFs052ZtDmIPz/QdBUZKJ</latexit>

kµ

<latexit sha1_base64="IXresNX3DKsS+iQfzVSbzOhgEo8=">AAAB43icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoOIl4MVjBPOAJIbZSW8yZvbBTK8QQr7Ai4gXBf/HX/BvnCR7SWLBQFFVQ3e1nyhpyHV/ndza+sbmVn67sLO7t39QPDyqmzjVAmsiVrFu+tygkhHWSJLCZqKRh77Chj+8m/qNF9RGxtEjjRLshLwfyUAKTlaqs+FTO0y7xZJbdmdgq8TLSAkyVLvFn3YvFmmIEQnFjWl5bkKdMdckhcJJoZ0aTLgY8j6OZztO2JmVeiyItX0RsZm6kOOhMaPQt8mQ08Ase1PxP6+VUnDdGcsoSQkjMR8UpIpRzKaFWU9qFKRGlnChpd2QiQHXXJA9S8FW95aLrpL6Rdm7LN88XJYqt9kR8nACp3AOHlxBBe6hCjUQ8Axv8AlfDjqvzrvzMY/mnOzPMSzA+f4DFoyKjQ==</latexit>

• Ghost instabilities: Z00 < 0

<latexit sha1_base64="yDtrEvuQ0ukAhFnpUsDRhQcCgR4=">AAAB53icbVDLSgMxFL1TX7W+qi7dBIvgqmSkoKKLghuXFeyDPiiZNNOGZpIhyQhl6De4EXGj4N/4C/6NaTubth4IHM454d5zg1hwYzH+9XIbm1vbO/ndwt7+weFR8fikYVSiKatTJZRuBcQwwSWrW24Fa8WakSgQrBmMH2Z+84Vpw5V8tpOY9SIylDzklFgntdv9FOMpuke4XyzhMp4DrRM/IyXIUOsXf7oDRZOISUsFMabj49j2UqItp4JNC93EsJjQMRmydL7nFF04aYBCpd2TFs3VpRyJjJlEgUtGxI7MqjcT//M6iQ1veimXcWKZpItBYSKQVWhWGg24ZtSKiSOEau42RHRENKHWnabgqvurRddJ46rsV8q3T5VS9S47Qh7O4BwuwYdrqMIj1KAOFCS8wSd8edx79d69j0U052V/TmEJ3vcfkaOLSw==</latexit>

�2 > (1� c2s)c
�4
s

<latexit sha1_base64="ukLXS02+50+Hv8pX+jxVbTYc0jQ=">AAAB+nicbVDLSgMxFM34rPU16rKbYBHqomWmVhQEKbhxWcE+oI8hk6ZtaOZBckcoYxf+ihsRNwp+hL/g35hpZ9PWAwmHc07IvccNBVdgWb/G2vrG5tZ2Zie7u7d/cGgeHTdUEEnK6jQQgWy5RDHBfVYHDoK1QsmI5wrWdMd3id98YlLxwH+ESci6Hhn6fMApAS05Zq7jMiC9Mr7FBbtIHdUrnyd3XKxMHTNvlawZ8CqxU5JHKWqO+dPpBzTymA9UEKXathVCNyYSOBVsmu1EioWEjsmQxbPRp/hMS308CKQ+PuCZupAjnlITz9VJj8BILXuJ+J/XjmBw3Y25H0bAfDr/aBAJDAFOesB9LhkFMdGEUMn1hJiOiCQUdFtZvbq9vOgqaZRL9kXp8qGSr96kJWRQDp2iArLRFaqie1RDdUTRC3pDn+jLeDZejXfjYx5dM9I3J2gBxvcfNbORyg==</latexit>

� > 1
<latexit sha1_base64="EN8C8MbOrqPLC1bLCaGU8zuBTPc=">AAAB5nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QEGQgBePEcxDkhBmJ73JkNkHM71CCPkFLyJeFPwcf8G/cZLsJdGCgaKqhu5qP1HSkOv+OLmV1bX1jfxmYWt7Z3evuH9QN3GqBdZErGLd9LlBJSOskSSFzUQjD32FDX94N/Ubz6iNjKNHGiXYCXk/koEUnKz01PaROLtlXrdYcsvuDOwv8TJSggzVbvG73YtFGmJEQnFjWp6bUGfMNUmhcFJopwYTLoa8j+PZmhN2YqUeC2JtX0Rspi7keGjMKPRtMuQ0MMveVPzPa6UUXHfGMkpSwkjMBwWpYhSzaWfWkxoFqZElXGhpN2RiwDUXZC9TsNW95aJ/Sf2s7J2XLx8uSpWb7Ah5OIJjOAUPrqAC91CFGggI4RU+4NMZOC/Om/M+j+ac7M8hLMD5+gVI1osm</latexit>
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<latexit sha1_base64="6FxES/P1G+qcRonbIPBCEMNr1MM=">AAACJnicbVDLSgMxFM34tr6qLt1cLIIglBkfKIggurDLCrYVOnW4k2baYOZBkhHKOP/jxv9w5UZEBAU/xfThQuuFwMk555Kc4yeCK23b79bE5NT0zOzcfGFhcWl5pbi6VldxKimr0VjE8tpHxQSPWE1zLdh1IhmGvmAN//a8rzfumFQ8jq50L2GtEDsRDzhFbSiveOH6TCOcgBtIpBncuyiSLnpn9wB5NrwA9dTNLuQ/HjcOWQeNXMkBup59swPgFUt22R4MjANnBEpkNFWv+OS2Y5qGLNJUoFJNx050K0OpORUsL7ipYgnSW+ywbBAzhy1DtSGIpTmRhgH7y4ehUr3QN84QdVf91frkf1oz1cFRK+NRkmoW0eFDQSpAx9DvDNpcMqpFzwCkkpsfAu2i6UKbZgsmuvM36Dio75advfLB5X7p9HhUwhzZIJtkmzjkkJySCqmSGqHkkbyQD/JpPVjP1qv1NrROWKOddfJrrK9vxySjMA==</latexit>



Triggering the instability
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•   r = 1 Mpc (stellar mass BHBs/LIGO frequencies): instability triggered around dense regions 

•   r = 10 Mpc (heavier BHBs/lower frequencies): instability triggered everywhere 

can only conclude that an energy of order ⇤4

UV
, with ⇤UV the cut-o↵ of the theory, is damped

into the unstable modes; all further developments depend on the UV completion. Since in our
case ⇤4

UV
is parametrically smaller than the energy density of the GWs (which accidentally is

of order ⇤4

2
for the typical amplitudes and frequencies detected by LIGO-Virgo) one cannot

conclude that the GW signal will be a↵ected.

• The appearance of the instability may signal that the EFT breaks down. This happens in
the example above in the case of the ghost instability: the range of applicability of the EFT
shrinks to zero. The regime of validity of the EFT is not only determined by the requirement that
frequencies are su�ciently small, but it can be modified in the presence of a sizeable background.
Therefore it may be that the instability we studied is simply telling us that the EFT of DE breaks
down. This means that we are unable to describe the propagation of GWs unless we know the
UV completion of the theory.

Notice that both in the case in which the instability can be described within the EFT and in the
case in which the EFT breaks down at the instability, in order to continue the time evolution of the
system one needs the UV completion.

5 Phenomenological consequences

Let us explore the phenomenological consequences of the instability we studied. First of all, as it is
clear from the toy model we described in the previous section, without a UV completion one cannot
conclude that a sizeable amount of energy goes into ⇡. The instability may be saturated at the cut-o↵
scale ⇤3 or even at a lower scale. This means that it is not guaranteed that the instability leads to
a backreaction on the GW signal that can be seen at the interferometers8. In the following, we will
concentrate on the question of whether a generic point in the Universe is a↵ected by the instability.
For this we do not need to focus on the particular events observed by LIGO-Virgo (or eventually LISA
and pulsar timing array, see e.g. [31]) but one has to consider the e↵ect of all GW emissions.

Let us neglect momentarily the Vainshtein e↵ect. The Universe is populated by binary systems
and these trigger the instability in points that are close enough to the source to have � > 1. Let us
divide the Universe in spheres of 10 Mpc radius and ask whether the instability is triggered in these
regions. Since in first approximation the Universe is homogeneous on scales of 10 Mpc, one expects
that all regions behave approximately in the same way. If within a region and in a time comparable
to the age of the Universe, there is at least one binary event that gives � > 1 at a distance of 10 Mpc,
one can conclude that this event will trigger the instability over the whole sphere (and thus in the
whole Universe). In the following we are also going to explore regions of 1 Mpc. In this case, since
the Universe is inhomogeneous on this scale, using the same criteria as before one can only conclude
that su�ciently dense regions reached the instability. Indeed the events will be mostly localized in
overdensities and may not be able to trigger the instability in underdense regions.

The parameters needed to characterize the instabilities discussed in Sec. 3.2 are the amplitude h
+

0

and the frequency f . Long before the merger, the amplitude h
+

0
can be written as (see for example

[32])

h
+

0
⇠ 1p

2
· 4
r
(GMc)

5/3(⇡f)2/3 , (5.1)

8In fact, using eq. (4.5) of [2] one can straightforwardly show that ��/�̄ ⇠ ⇤4
3/(⇤

4
2h

+
0 ) ⌧ 1, where �̄ and �� denote

the GW background and its modification respectively.
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f < fISCO ' 0.034

⇡GMc

instability parameter GW amplitude condition on frequency

(scales larger than typical screened region)



Figure 2: Stability regions on the plane (cs,↵B). The yellow region indicates where ghost instabilities of eq.
(3.20) are absent in which � < c

�2

s

p
1� c2s. The green region indicates where gradient instabilities are absent,

i.e. � < 1. The fact that this curve is independent of cs follows from the choice ↵ = 1/(2c2s), see eqs. (2.10) and
(2.14). In the region with the blue diagonal grid, the frequency of the GW is above the perturbative unitarity
bound, ! > ⇤UV (see footnote 10), and our analysis cannot be applied. In the plot we have used Mc = 28M�
and f = 30Hz.

where r is the distance from the binary, Mc is the chirp mass and f the GW frequency. (The factor
of 1/

p
2 comes from our non-standard definition of h+

0
.) This is a reasonable approximation until the

orbit reaches the innermost stable circular orbit (ISCO)9.
Figure 2 focusses on stellar mass BHs; for concreteness we chose Mc = 28M� as for GW150914

and f = 30Hz. We take the distance to be 1Mpc. Taking a distance of 10Mpc would require, in order
to keep the same h

+

0
, to consider times closer to the coalescence. However this corresponds to larger

frequencies and one goes in a regime that cannot be trusted, since the frequency is higher than the
unitarity cut-o↵.10 In Fig. 2 we plot the gradient and ghost instabilities in the plane (cs,↵B) together
with the unitarity cut-o↵. Models with ↵B & 10�2 are a↵ected by one or both instabilities, but the
cut-o↵ is quite close.

On the other hand, if one considers massive BHs, frequencies are many orders of magnitude smaller
than the unitarity cut-o↵. In Fig. 3 we plot the threshold � = 1 as a function of the chirp mass of the
binary for 1Mpc and 10Mpc distances. Independently of the chirp mass, the instability is triggered
close to the ISCO for values of ↵B that are of interest for future LSS experiments, i.e. ↵B & 10�2.

9In a Schwarzschild geometry the ISCO is located ar rISCO = 6Gm, where m is the total mass of the binary. Assuming
equal masses and using Kepler’s law to convert into frequency, we find fISCO ' 0.034/(⇡GMc).

10The cut-o↵ can be obtained as the energy scale at which perturbative unitarity is lost. In order to explicitly get such
scale for m3

3 we focus on the leading term in (2.8): the dominant interaction in the small-cs limit is ⇠ �r2⇡(@i⇡)
2/⇤3

B.
Following [33, 34] we find that for such interaction perturbative unitarity in the ⇡⇡ ! ⇡⇡ scattering is lost when

!6

⇤6
Bc

11
s

<
3⇡
4

, (5.2)

where here ! is the energy of ⇡.
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Stellar-mass BHs (r = 1Mpc)

r = 1 Mpc
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๏             : gradient inst.� > 1
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๏                                  : ghost inst.�2 > (1� c2s)c
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can only conclude that an energy of order ⇤4

UV
, with ⇤UV the cut-o↵ of the theory, is damped

into the unstable modes; all further developments depend on the UV completion. Since in our
case ⇤4

UV
is parametrically smaller than the energy density of the GWs (which accidentally is

of order ⇤4

2
for the typical amplitudes and frequencies detected by LIGO-Virgo) one cannot

conclude that the GW signal will be a↵ected.

• The appearance of the instability may signal that the EFT breaks down. This happens in
the example above in the case of the ghost instability: the range of applicability of the EFT
shrinks to zero. The regime of validity of the EFT is not only determined by the requirement that
frequencies are su�ciently small, but it can be modified in the presence of a sizeable background.
Therefore it may be that the instability we studied is simply telling us that the EFT of DE breaks
down. This means that we are unable to describe the propagation of GWs unless we know the
UV completion of the theory.

Notice that both in the case in which the instability can be described within the EFT and in the
case in which the EFT breaks down at the instability, in order to continue the time evolution of the
system one needs the UV completion.

5 Phenomenological consequences

Let us explore the phenomenological consequences of the instability we studied. First of all, as it is
clear from the toy model we described in the previous section, without a UV completion one cannot
conclude that a sizeable amount of energy goes into ⇡. The instability may be saturated at the cut-o↵
scale ⇤3 or even at a lower scale. This means that it is not guaranteed that the instability leads to
a backreaction on the GW signal that can be seen at the interferometers8. In the following, we will
concentrate on the question of whether a generic point in the Universe is a↵ected by the instability.
For this we do not need to focus on the particular events observed by LIGO-Virgo (or eventually LISA
and pulsar timing array, see e.g. [31]) but one has to consider the e↵ect of all GW emissions.

Let us neglect momentarily the Vainshtein e↵ect. The Universe is populated by binary systems
and these trigger the instability in points that are close enough to the source to have � > 1. Let us
divide the Universe in spheres of 10 Mpc radius and ask whether the instability is triggered in these
regions. Since in first approximation the Universe is homogeneous on scales of 10 Mpc, one expects
that all regions behave approximately in the same way. If within a region and in a time comparable
to the age of the Universe, there is at least one binary event that gives � > 1 at a distance of 10 Mpc,
one can conclude that this event will trigger the instability over the whole sphere (and thus in the
whole Universe). In the following we are also going to explore regions of 1 Mpc. In this case, since
the Universe is inhomogeneous on this scale, using the same criteria as before one can only conclude
that su�ciently dense regions reached the instability. Indeed the events will be mostly localized in
overdensities and may not be able to trigger the instability in underdense regions.

The parameters needed to characterize the instabilities discussed in Sec. 3.2 are the amplitude h
+

0

and the frequency f . Long before the merger, the amplitude h
+

0
can be written as (see for example

[32])

h
+

0
⇠ 1p

2
· 4
r
(GMc)

5/3(⇡f)2/3 , (5.1)

8In fact, using eq. (4.5) of [2] one can straightforwardly show that ��/�̄ ⇠ ⇤4
3/(⇤

4
2h

+
0 ) ⌧ 1, where �̄ and �� denote

the GW background and its modification respectively.
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⇡GMc

instability parameter GW amplitude condition on frequency



Triggering the instability
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•   r = 1 Mpc (stellar mass BHBs/LIGO frequencies): instability triggered around dense regions 

•   r = 10 Mpc (heavier BHBs/lower frequencies): instability triggered everywhere 

can only conclude that an energy of order ⇤4

UV
, with ⇤UV the cut-o↵ of the theory, is damped

into the unstable modes; all further developments depend on the UV completion. Since in our
case ⇤4

UV
is parametrically smaller than the energy density of the GWs (which accidentally is

of order ⇤4

2
for the typical amplitudes and frequencies detected by LIGO-Virgo) one cannot

conclude that the GW signal will be a↵ected.

• The appearance of the instability may signal that the EFT breaks down. This happens in
the example above in the case of the ghost instability: the range of applicability of the EFT
shrinks to zero. The regime of validity of the EFT is not only determined by the requirement that
frequencies are su�ciently small, but it can be modified in the presence of a sizeable background.
Therefore it may be that the instability we studied is simply telling us that the EFT of DE breaks
down. This means that we are unable to describe the propagation of GWs unless we know the
UV completion of the theory.

Notice that both in the case in which the instability can be described within the EFT and in the
case in which the EFT breaks down at the instability, in order to continue the time evolution of the
system one needs the UV completion.

5 Phenomenological consequences

Let us explore the phenomenological consequences of the instability we studied. First of all, as it is
clear from the toy model we described in the previous section, without a UV completion one cannot
conclude that a sizeable amount of energy goes into ⇡. The instability may be saturated at the cut-o↵
scale ⇤3 or even at a lower scale. This means that it is not guaranteed that the instability leads to
a backreaction on the GW signal that can be seen at the interferometers8. In the following, we will
concentrate on the question of whether a generic point in the Universe is a↵ected by the instability.
For this we do not need to focus on the particular events observed by LIGO-Virgo (or eventually LISA
and pulsar timing array, see e.g. [31]) but one has to consider the e↵ect of all GW emissions.

Let us neglect momentarily the Vainshtein e↵ect. The Universe is populated by binary systems
and these trigger the instability in points that are close enough to the source to have � > 1. Let us
divide the Universe in spheres of 10 Mpc radius and ask whether the instability is triggered in these
regions. Since in first approximation the Universe is homogeneous on scales of 10 Mpc, one expects
that all regions behave approximately in the same way. If within a region and in a time comparable
to the age of the Universe, there is at least one binary event that gives � > 1 at a distance of 10 Mpc,
one can conclude that this event will trigger the instability over the whole sphere (and thus in the
whole Universe). In the following we are also going to explore regions of 1 Mpc. In this case, since
the Universe is inhomogeneous on this scale, using the same criteria as before one can only conclude
that su�ciently dense regions reached the instability. Indeed the events will be mostly localized in
overdensities and may not be able to trigger the instability in underdense regions.

The parameters needed to characterize the instabilities discussed in Sec. 3.2 are the amplitude h
+

0

and the frequency f . Long before the merger, the amplitude h
+

0
can be written as (see for example

[32])

h
+

0
⇠ 1p

2
· 4
r
(GMc)

5/3(⇡f)2/3 , (5.1)

8In fact, using eq. (4.5) of [2] one can straightforwardly show that ��/�̄ ⇠ ⇤4
3/(⇤

4
2h

+
0 ) ⌧ 1, where �̄ and �� denote

the GW background and its modification respectively.
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f < fISCO ' 0.034

⇡GMc

instability parameter GW amplitude condition on frequency

(scales larger than typical screened region)



Figure 3: Gradient-instability lines, � = 1, for di↵erent value of ↵B as a function of the chirp mass of the binary
system, evaluated at a distance of 1Mpc (solid lines) and 10Mpc (dashed lines). The grey region cannot be
trusted because it would correspond to extrapolating the orbit beyond the ISCO. Regions above the black lines
have frequencies larger than the unitarity cut-o↵ ! > ⇤UV (the three lines correspond to di↵erent values of cs).
At fixed � = 1, we expressed the cut-o↵ frequency as a function of Mc using (5.1). All lines are evaluated with
the choice ↵ = 1/(2c2s).

Although there is some degree of uncertainty on the rate of massive BH mergers, one can be quite
sure that in a region of 10Mpc many mergers of halos, and therefore binary mergers of massive BHs,
took place in the last Hubble time. To be more quantitative, in the range 107M� < Mc < 108M� one
estimates between 5 and 50 events in a volume of 10Mpc radius between z = 1 and z = 0 [35]. Rates
are larger, but considerably more uncertain, for smaller masses [36].

Let us now discuss the role of screening. As we discussed above, in regions with large field
non-linearities the threshold of instability can be lifted by the Vainshtein mechanism. If the typical
radius at which the screening is e↵ective is of order 10Mpc or smaller, then our conclusions do not
qualitatively change. There may be very non-linear regions where the instability did not occur, but
in most of the Universe the instability takes place. Following [21], one can estimate the scale at which
the Vainshtein mechanism is relevant assuming a power-law Universe with matter power spectrum
P (k) / k

n, where the relevant value near the non-linear scale for the real Universe is n ' �2. In

our case one finds �V ⇠ [↵B/(c2s↵)]
4

3+n�NL, which shows that for small ↵B the Vainshtein scale �V is
in general much shorter than 10Mpc, which roughly corresponds to the non-linear scale for structure
formation �NL (see also [29] for an estimate of the Vainshtein scale in numerical N -body simulations,
confirming these estimates).

What can we conclude if a model lies in the unstable region? As we discussed, the endpoint of
the instability is unknown and requires knowledge of the UV. Naively one can imagine that a certain
amount of ⇡s with energy close to the cut-o↵ is generated until their backreaction stops the instability.
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UV
, with ⇤UV the cut-o↵ of the theory, is damped

into the unstable modes; all further developments depend on the UV completion. Since in our
case ⇤4

UV
is parametrically smaller than the energy density of the GWs (which accidentally is

of order ⇤4

2
for the typical amplitudes and frequencies detected by LIGO-Virgo) one cannot

conclude that the GW signal will be a↵ected.

• The appearance of the instability may signal that the EFT breaks down. This happens in
the example above in the case of the ghost instability: the range of applicability of the EFT
shrinks to zero. The regime of validity of the EFT is not only determined by the requirement that
frequencies are su�ciently small, but it can be modified in the presence of a sizeable background.
Therefore it may be that the instability we studied is simply telling us that the EFT of DE breaks
down. This means that we are unable to describe the propagation of GWs unless we know the
UV completion of the theory.

Notice that both in the case in which the instability can be described within the EFT and in the
case in which the EFT breaks down at the instability, in order to continue the time evolution of the
system one needs the UV completion.

5 Phenomenological consequences

Let us explore the phenomenological consequences of the instability we studied. First of all, as it is
clear from the toy model we described in the previous section, without a UV completion one cannot
conclude that a sizeable amount of energy goes into ⇡. The instability may be saturated at the cut-o↵
scale ⇤3 or even at a lower scale. This means that it is not guaranteed that the instability leads to
a backreaction on the GW signal that can be seen at the interferometers8. In the following, we will
concentrate on the question of whether a generic point in the Universe is a↵ected by the instability.
For this we do not need to focus on the particular events observed by LIGO-Virgo (or eventually LISA
and pulsar timing array, see e.g. [31]) but one has to consider the e↵ect of all GW emissions.

Let us neglect momentarily the Vainshtein e↵ect. The Universe is populated by binary systems
and these trigger the instability in points that are close enough to the source to have � > 1. Let us
divide the Universe in spheres of 10 Mpc radius and ask whether the instability is triggered in these
regions. Since in first approximation the Universe is homogeneous on scales of 10 Mpc, one expects
that all regions behave approximately in the same way. If within a region and in a time comparable
to the age of the Universe, there is at least one binary event that gives � > 1 at a distance of 10 Mpc,
one can conclude that this event will trigger the instability over the whole sphere (and thus in the
whole Universe). In the following we are also going to explore regions of 1 Mpc. In this case, since
the Universe is inhomogeneous on this scale, using the same criteria as before one can only conclude
that su�ciently dense regions reached the instability. Indeed the events will be mostly localized in
overdensities and may not be able to trigger the instability in underdense regions.

The parameters needed to characterize the instabilities discussed in Sec. 3.2 are the amplitude h
+

0

and the frequency f . Long before the merger, the amplitude h
+

0
can be written as (see for example

[32])
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8In fact, using eq. (4.5) of [2] one can straightforwardly show that ��/�̄ ⇠ ⇤4
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ΛUV
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Is the instability real or artefact of EFT? Gradient and ghost instabilities can appear in the 
low energy EFT of stable UV complete theories

Fate of instability depends on the (unknown) UV completion: no guarantee of physical effects

To trust the EFT:                        . Interestingly close to constraints from the large-scale structure|↵B | . 10�2
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Observations

Gravitational waves probe modified gravity as light probes material

In many cases very effectively, more than what large-scale structure can do

Summary and conclusion

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�
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Observations
๏  Speed of GW: 

Gravitational waves probe modified gravity as light probes material

In many cases very effectively, more than what large-scale structure can do
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Observations
๏  Speed of GW: 

๏  Perturbative decay and dispersion

๏  Resonant graviton decay

Gravitational waves probe modified gravity as light probes material

In many cases very effectively, more than what large-scale structure can do
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Observations
๏  Speed of GW: 

๏  Perturbative decay and dispersion

๏  Resonant graviton decay

๏  Instabilities due to GW  

Gravitational waves probe modified gravity as light probes material

In many cases very effectively, more than what large-scale structure can do
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