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Beyond Einstein Theories of  Gravity

Type I: UV Modifications:  
eg. Quantum Gravity, string theory, extra 

dimensions, branes, supergravity
At energies well below the scale of new physics     , 

gravitational effects are well incorporated 
in the language of Effective Field Theories

Addition of Higher Dimension, (generally higher derivative 
operators), no failure of well-posedness/ghosts etc as all such 

operators should be treated perturbatively (rules of EFT)
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Why modify gravity (in the IR)?
Principle Motivation is Cosmological: 

  
Dark Energy and Cosmological Constant

I: Old cosmological constant problem: 

Why is the universe not accelerating at a gigantic rate 
determined by the vacuum energy?

II: New cosmological constant problem: 

Assuming I is solved, what gives rise to the remaining vacuum 
energy or dark energy which leads to the acceleration we 

observe?

Type 2: IR Modifications:  



III: Because it allows us to put better constraints on Einstein 
gravity!

Why modify gravity (in the IR)?

D. Psaltis, Living Reviews

Probes and Tests of Strong-Field Gravity with Observations in the Electromagnetic Spectrum 11
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Figure 1: A parameter space for quantifying the strength of a gravitational field. The x-axis measures the
potential ✏ ⌘ GM/rc2 and the y-axis measures the spacetime curvature ⇠ ⌘ GM/r3c2 of the gravitational
field at a radius r away from a central object of mass M . These two parameters provide two di↵erent
quantitative measures of the strength of the gravitational fields. The various curves, points, and legends
are described in the text.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2008-9

Potential

Curvature

e.g.  Weinberg’s nonlinear Quantum Mechanics- 
constructing to test linearity of QM

Gravity has only been tested over 
special ranges of scales and 
curvatures



Guiding Principle
Theorem: General Relativity is the 
Unique local and Lorentz invariant 
theory describing an interacting single 
massless spin two particle that couples 
to matter

Locality

Massless

Single Spin 2

Lorentz Invariant?

Weinberg, Deser, Wald, Feynman, ….. 



Guiding Principle
Theorem: General Relativity (with a c.c.) is the Unique local 
and Lorentz invariant theory describing an interacting single 

massless spin two particle that couples to matter

Locality

Massless

Single Spin 2

Lorentz Invariant?

Weinberg, Deser, Wald, Feynman, ….. 

Thomas - Lorentz violation

Filippo - Additional Scalar



Guiding Principle
Corollary: Any theory which preserves Lorentz invariance 

and Locality leads to new degrees of freedom!

Locality

Massless

Single Spin 2

Lorentz Invariant?
Andrew - massless and/or 

massive spin 2 states
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Imagine a scalar � = �b + ��

coupled to the energy density � = �b + ��

Generic form of equation of motion for perturbations

kinetic term mass term coupling to matter
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gradient term

New gravitational degrees of  freedom that 
coupled to matter are highly constrained: Need 

- Screening Mechanisms



Fifth force constraints: screening

To ensure fifth forces are small

Only three independent possibilities!

(b) Mass is large

(a) Coupling is small

(c) Kinetic term is large

�(�b, �b)� 1

Z(�b, �b)� 1

m(�n, �b)�
1

rexp

F ⇡ MaMbG

r2
�2(�b, ⇢b)p

Z(�b, ⇢b)cs(�b, ⇢b)
exp(�m(�b, ⇢b)r)

�2(�b, ⇢b)p
Z(�b, ⇢b)cs(�b, ⇢b)

exp(�m(�b, ⇢b)r)

Vainshtein

Chameleon

Symmetron



Vainshtein effect is strongly scale and density dependent

Strong coupling 
regionWeak coupling

 region

For Sun

Schwarzschild
 region

Vainshtein radius

Yukawa region
r > m�1

r < rs
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Massive Gravity: Hard or Soft?

A generic local, Lorentz invariant theory at the linearized level 
gives the following interaction between two stress energies

Hard

Soft

Soft Massive Graviton is a resonance 
Hard Massive Graviton is a pole (infinite lifetime)

A ⇠ 1

M2
Pl

Z
d4k

(2⇡)4
T ab(k)⇤

2

4Pabcd

k2
+

X

pole

Z(2)
pole

Pabcd

k2 +m2
pole

+
X

pole

Z(0)
pole

⌘ab⌘cd
k2 +m2

pole

3

5T cd(k)

+
1

M2
Pl

Z
d4k

(2⇡)4
T ab(k)⇤

Z
dµ ⇢(2)(µ)

Pabcd

k2 + µ2
+ ⇢(0)(µ)

⌘ab⌘cd
k2 + µ2

�
T cd(k)

Pabcd = ⌘ac⌘bd + ⌘bc⌘ad �
2

3
⌘ab⌘cd

Pabcd = ⌘ac⌘bd + ⌘bc⌘ad � ⌘ab⌘cd



Soft Massive Gravity: DGP Model
Soft Massive Gravity theories were constructed first! 

Naturally arise in Braneworld Models: DGP, 
Cascading Gravity: Soft Massive Graviton is a 

Resonance State localized on Brane

Soft
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Hard          Massive Gravity
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Hard Massless plus        Massive Gravity

Bigravity=
massless graviton (2 d.o.f.)
+ massive graviton (5 d.o.f.)

decoupling 
limit
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Universal Decoupling Limit: Galileon
At energies m ⌧ E ⌧ MPLanck

All Lorentz invariant Hard and Soft and Multi-graviton theories 
look like Galileon theories  (plus massless spin 2 plus Maxwell)
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Constraints on the Graviton Mass

In a realistic interacting theory, mass for tensor modes 
of graviton depends on the environment

e.g. mass around merging black holes is not mass at cosmological scales!!!!!!



Extra polarizations of graviton = extra modes of gravitational wave 

Binary pulsars lose energy faster than in GR so the orbit slows down more 
rapidly

Binary Pulsars

on the precise theory. Hence the fifth force between two small bodies in the presence of a

large mass is suppressed by pr{rvqq with q ° 0. This suppression will occur even if the source

is a black hole, since what matters is the background ⇡ field generated by the heavy mass

source which, for static configurations, is determined by a Birkho↵ type theorem to depend

only on the total mass of the source.

It is far less well understood how well the Vainshtein mechanism works in situations where

there is no spherical symmetry or there is time dependence (see for example [48–50]). In the

case of the cubic Galileon with a rotating binary source, an approximate analytic treatment

was given in [32] which led to the conclusion that in addition to the static suppression pr{rvq3{2,
there is an enhancement in the emitted radiative power given by an inverse power of the

rotation velocity. The essential steps of the approximate analytic treatment are reviewed in

appendix A. They begin with the cubic Galileon theory
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Importantly the normal Vainshtein suppression of the Galileon force between the two static

objects scales as pr̄{rvq3{2, whereas in this dynamic system it scales as p⌦pr̄q´1p⌦prvq´3{2.
This implies a weakening of the Vainshtein mechanism by the orbital velocity v5{2 “ p⌦pr̄q5{2
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Figure 4. Energy density of the cubic Galileon field after the simulation has relaxed t “ 22Tp for
rbox “ 60r̃, rv “ 50r̃, and ⌦pr̃ “ ⇡{22. Red is higher energy density and blue lower.

We show ten other simulations to probe the dependence on the quadrupole power on

both ⌦p and rv, depicted in figure 5.

3.4.1 Dependence on Orbital Period

As ⌦p shrinks we find that the quadrupole mode remains the dominant mode, always con-

taining more than 98% of the power. The monopole mode grows, but always stays at less

than 2% of the total power (see table 1). Increasing ⌦p is constrained by requiring mini-

mal relativistic corrections to the orbit and power. Despite these constraints, the computed

– 14 –
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on the precise theory. Hence the fifth force between two small bodies in the presence of a

large mass is suppressed by pr{rvqq with q ° 0. This suppression will occur even if the source

is a black hole, since what matters is the background ⇡ field generated by the heavy mass

source which, for static configurations, is determined by a Birkho↵ type theorem to depend

only on the total mass of the source.

It is far less well understood how well the Vainshtein mechanism works in situations where

there is no spherical symmetry or there is time dependence (see for example [48–50]). In the

case of the cubic Galileon with a rotating binary source, an approximate analytic treatment

was given in [32] which led to the conclusion that in addition to the static suppression pr{rvq3{2,
there is an enhancement in the emitted radiative power given by an inverse power of the

rotation velocity. The essential steps of the approximate analytic treatment are reviewed in
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Quadrupole ‘Galileon’ Radiation
At present only worked out for cubic Galileon, not general DL of MG



Constraints modifications of the  
dispersion relation

Generic for the helicity-2 modes of any Lorentz 
invariant model of massive gravity

GW signal would be more squeezed than in GR

Direct Detection of  GW
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Does we know all the constraints on graviton 
mass from aLIGO??

No! Many other 
effects to consider

• Graviton Mass depends on environment, for instance 
it depends on distance to black holes

• Graviton Mass likely to vary non-adiabatically 
during merger creating additional non-adiabatic 
effects in the waveform

• Additional scalar (and vector) gravitational 
radiation. Scalar radiation may dominate effects on 
tensors.

• Black hole/NS solution modified, in particular 
quasi-normal modes may be different

• Vainshtein suppression may not be active in 
merger region - needs proper numerical simulation

• PN expansion almost certainly doesn’t work in 
Vainshtein region

mgraviton < 10�22eV

Likely real constraints on LI MG are stronger!

Not yet known what the correct 
asymptotically flat Black Hole Solutions
 are in Massive Gravity

There should be a solution 
with Yukawa asymptotics!
= Schwarschild as m ! 0
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Black Hole Mechanics for Massive Gravitons

Rachel A. Rosen1

1Department of Physics, Columbia University,
New York, NY 10027, USA

It has been argued that black hole solutions become unavoidably time-dependent when the gravi-
ton has a mass. In this work we show that, if the apparent horizon of the black hole is a null surface
with respect to a fiducial Minkowski reference metric, then the location of the horizon is necessarily
time-independent, despite the dynamical metric possessing no time-like Killing vector. This result is
non-perturbative and model-independent. We derive a second law of black hole mechanics for these
black holes and determine their surface gravity. An additional assumption establishes a zeroth and
a first law of black hole mechanics. We apply these results to the specific model of dRGT ghost-free
massive gravity and show that consistent solutions exist which obey the required assumptions. We
determine the time-dependent scalar curvature at the horizon of these black holes.

I. INTRODUCTION AND SUMMARY

It remains an open question: what would happen
to a black hole if the graviton were to have a mass?
Static black hole solutions in massive gravity appear to
unavoidably suffer from either infinite strong coupling
at all scales or coordinate-invariant curvature singular-
ities at the horizon. (See, e.g., [1–3] for specific argu-
ments.) In [2, 3] it was argued that these pathologies
can be avoided by adopting a time-dependent, spheri-
cally symmetric ansatz. In particular, perturbative time-
dependent solutions were found in [3] which are regular
at the horizon, are potentially consistent with the ex-
pected Yukawa asymptotics at large distances and weak
coupling, and possess a massless limit that smoothly re-
covers the Schwarzschild black holes of General Rela-
tivity. However, finding exact analytic time-dependent
black hole solutions has proved challenging.

In this work, we derive non-perturbative results for
these time-dependent black holes by focusing on the hori-
zon. We are primarily interested in the laws of black
hole mechanics [4] in the presence of a graviton mass.
In general, black hole mechanics are non-trivial for time
dependent metrics. We refer to [5–9] for resources.

We first consider general theories of a massive spin-2
particle. Generic theories of massive gravitons require a
fiducial reference metric fµν in addition to the dynami-
cal metric gµν in order to construct non-derivative poten-
tial terms. In this paper we show that, if the apparent
horizon of the black hole is a null surface with respect
to a fiducial Minkowski reference metric, then the loca-
tion of the apparent horizon is time-independent in the
coordinates of the dynamical metric. We derive several
additional consequences of this initial assumption: the
apparent horizon is then also a null surface in terms of
the dynamical metric; the surface gravity can be com-
puted in terms of the inaffinity of the Kodama vector
at the horizon; and the area of the apparent horizon is
never decreasing, consistent with a second law of black
hole mechanics. An additional assumption is required
so that the surface gravity is constant in time and thus
these black holes possess a zeroth law as well. A first law
follows naturally.

We then consider the implication of these results for
dRGT ghost-free massive gravity [10]. We solve the
dRGT equations of motion in the vicinity of the horizon.
We find solutions consistent both with the assumption of
a null apparent horizon and that have a time-independent
surface gravity. These solutions are nevertheless truly
time-dependent in that they possess no time-like killing
vector. In particular, the scalar curvature is not con-
stant along the horizon. We compute the time-dependent
scalar curvature at the horizon and discuss some impli-
cations.

II. FIXED HORIZONS

To construct a theory of a massive spin-2 particle,
one adds a non-derivative potential term to the Einstein-
Hilbert Lagrangian. In order to contract the indices of
the dynamical metric gµν in the potential in a non-trivial
way, one needs to introduce an additional fiducial “refer-
ence” metric fµν . In order for the theory to be Lorentz-
invariant, this reference metric is taken to be Minkowski
fµν = ηµν (or a coordinate transformation thereof). The
most general potential can be written as the trace of vari-
ous powers of the matrix g−1f = gµλfλν . We can express
this as:

U(g, f) =
∑

n∈Q

cn tr
[

(g−1f)n
]

. (1)

Here, the cn are arbitrary constant coefficients and we
only assume that n is a rational number, i.e., we include
fractional powers and inverse powers of g−1f . A generic
massive gravity Lagrangian can thus be written as

L =
M2

Pl

2

√
−g

[

R(g)−m2 U(g, f)
]

, (2)

where R is the usual Ricci scalar and m is the graviton
mass.

The reference metric is Minkowski. Thus there exists a
set of coordinates which we denote by (τ, ρ, θ,φ) in which
the line element for fµν takes the form

ds2f = −dτ2 + dρ2 + ρ2dΩ2 . (3)



Massive Gravity/Galileons etc as an EFT
One-loop Graviton diagram needs counter-terms at the scale 
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continue to respect the Galileon symmetry (realized in the sense that ⇡ ! ⇡ + vµx
µ + c and

V
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! V

a
� v

a
/m when perturbed around an arbitrary background). Indeed, as in the case

of the massive Galileon [27], the terms that violate the symmetry are purely quadratic, and

hence all tree level vertices and propagators naturally respect the symmetry. Alternative

gauge choices typically break the Galileon symmetry, but only through m/MPl suppressed

terms.

4.1.2 Wilsonian E↵ective action for Weakly Coupled Massive Gravity

Within the framework of approach 3, the general structure of a ‘single scale - single coupling’

tree level Lagrangian for weakly coupled massive gravity is [3]
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The form of the interactions in L1 and higher will be those needed to renormalize loops from

L0. We have included the possibility that the curvature corrections come in at the scale ⇤

since such terms will arise from the commutator of two covariant derivatives, however we

expect that those curvature corrections that relate to the helicity 2 sector, i.e. those present

in the absence of the mass term, will be suppressed by some higher scale, e.g. M2,

⇤4�L0 ⇠ M
4

✓
r

M

◆
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M2

◆
b

. (4.20)

Having in mind the hierarchy ⇤ ⌧ M , such interactions will be irrelevant to the following

considerations. An important point to recognize about an approach 3 UV completion is that
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Infinite number of derivative suppressed operators
HOW DO WE GO BEYOND THIS?



UV Completion and Causality

Unitarity + Analyticity:

With typical assumption that:
 UV completion is Local, Causal, Poincare Invariant and Unitary (Wilsonian)

Answer: NO! Certain EFTs do not admit well defined UV completions

S-matrix Positivity 
Bounds!

Part of a larger question: Are all EFTs allowed?  
aka Swampland!

Causality  
(Asymptotic (Sub)Luminality):

Positive Wigner-Eisenbud time delay

Constraints parameters of massive gravity/multigravity 
but so far does not rule it out …

[Ô(x), Ô(y)] = 0 if (x� y)2 > 0

T ⇠ d�(E)

dE
> 0

d2A(s, t)

ds2
> 0

0  t < 4m2



Guiding Principle
Theorem: General Relativity (with a c.c.) is the Unique local 
and Lorentz invariant theory describing an interacting single 

massless spin two particle that couples to matter

Locality

Massless

Single Spin 2

Lorentz Invariant?

Weinberg, Deser, Wald, Feynman, ….. 

ä > 0
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Disclaimer: no references! 



Scalar-tensor theories

   Simplest models of modified gravity are base on single scalar field (universal coupling)



Scalar-tensor theories

Quintessence: 

Gµ⌫ = 8⇡G
⇣
T (matter)
µ⌫ + T (�)

µ⌫

⌘
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   Simplest models of modified gravity are base on single scalar field (universal coupling)

L = R+ V (�)� gµ⌫@µ�@⌫�
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Scalar-tensor theories

Quintessence: 

   Simplest models of modified gravity are base on single scalar field (universal coupling)

L = R+ V (�)� gµ⌫@µ�@⌫�
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k-essence: L = R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
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Gµ⌫ = 8⇡G
⇣
T (matter)
µ⌫ + T (�)

µ⌫

⌘
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: clusteringc2s 6= 1
<latexit sha1_base64="4wCvqNLj+yfCHF07IcMmaN/Rqyc=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnVoy6Z02NJMZk4xQSj/CjYgbBX/GX/BvTKezaeuBwOGcE+49N0gE18Z1f53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDf32y+oNI/lo5kk2IvoUPKQM2qs5LO+fqoRX+Iz8frlilt1M5B14uWkAjka/fKPP4hZGqE0TFCtu56bmN6UKsOZwFnJTzUmlI3pEKfZpjNyYaUBCWNlnzQkU5dyNNJ6EgU2GVEz0qveXPzP66YmvOlNuUxSg5ItBoWpICYm89pkwBUyIyaWUKa43ZCwEVWUGXuckq3urRZdJ61a1XOr3sNVpX6bH6EIZ3AOl+DBNdThHhrQBAYJvMEnfDlj59V5dz4W0YKT/zmFJTjff37vjGw=</latexit><latexit sha1_base64="4wCvqNLj+yfCHF07IcMmaN/Rqyc=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnVoy6Z02NJMZk4xQSj/CjYgbBX/GX/BvTKezaeuBwOGcE+49N0gE18Z1f53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDf32y+oNI/lo5kk2IvoUPKQM2qs5LO+fqoRX+Iz8frlilt1M5B14uWkAjka/fKPP4hZGqE0TFCtu56bmN6UKsOZwFnJTzUmlI3pEKfZpjNyYaUBCWNlnzQkU5dyNNJ6EgU2GVEz0qveXPzP66YmvOlNuUxSg5ItBoWpICYm89pkwBUyIyaWUKa43ZCwEVWUGXuckq3urRZdJ61a1XOr3sNVpX6bH6EIZ3AOl+DBNdThHhrQBAYJvMEnfDlj59V5dz4W0YKT/zmFJTjff37vjGw=</latexit><latexit sha1_base64="4wCvqNLj+yfCHF07IcMmaN/Rqyc=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnVoy6Z02NJMZk4xQSj/CjYgbBX/GX/BvTKezaeuBwOGcE+49N0gE18Z1f53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDf32y+oNI/lo5kk2IvoUPKQM2qs5LO+fqoRX+Iz8frlilt1M5B14uWkAjka/fKPP4hZGqE0TFCtu56bmN6UKsOZwFnJTzUmlI3pEKfZpjNyYaUBCWNlnzQkU5dyNNJ6EgU2GVEz0qveXPzP66YmvOlNuUxSg5ItBoWpICYm89pkwBUyIyaWUKa43ZCwEVWUGXuckq3urRZdJ61a1XOr3sNVpX6bH6EIZ3AOl+DBNdThHhrQBAYJvMEnfDlj59V5dz4W0YKT/zmFJTjff37vjGw=</latexit><latexit sha1_base64="4wCvqNLj+yfCHF07IcMmaN/Rqyc=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqswUQcFNwY3LCvYBnVoy6Z02NJMZk4xQSj/CjYgbBX/GX/BvTKezaeuBwOGcE+49N0gE18Z1f53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDf32y+oNI/lo5kk2IvoUPKQM2qs5LO+fqoRX+Iz8frlilt1M5B14uWkAjka/fKPP4hZGqE0TFCtu56bmN6UKsOZwFnJTzUmlI3pEKfZpjNyYaUBCWNlnzQkU5dyNNJ6EgU2GVEz0qveXPzP66YmvOlNuUxSg5ItBoWpICYm89pkwBUyIyaWUKa43ZCwEVWUGXuckq3urRZdJ61a1XOr3sNVpX6bH6EIZ3AOl+DBNdThHhrQBAYJvMEnfDlj59V5dz4W0YKT/zmFJTjff37vjGw=</latexit>



Scalar-tensor theories

Quintessence: 

   Simplest models of modified gravity are base on single scalar field (universal coupling)

L = R+ V (�)� gµ⌫@µ�@⌫�
<latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit>

k-essence: L = R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit>

L = f(�)R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit>

self-acceleration

G(modified)
µ⌫ = 8⇡G

⇣
T (matter)
µ⌫ + T (�)

µ⌫

⌘

<latexit sha1_base64="1fDgl75KQPN7zjwixO5sB1270OA="></latexit><latexit sha1_base64="1fDgl75KQPN7zjwixO5sB1270OA="></latexit><latexit sha1_base64="1fDgl75KQPN7zjwixO5sB1270OA="></latexit><latexit sha1_base64="1fDgl75KQPN7zjwixO5sB1270OA="></latexit>

1 104 108 1012 1016 1020 1024
10-610-510-40.0010.0100.1001

km
<latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit>

rSS

O(1)
<latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="tYrJZ4vtEFZsW5WL3TBxT906ocw=">AAABz3icbVBNSwMxFHxbv+patZ69BIvgqWS96FHw4rGC/YC2lmw224ZmkyV5K5TSmyfFk3/Kv+C/Mdv20taBB8PMg/dm4lxJh5T+BpW9/YPDo+pxeFILT8/O67WOM4Xlos2NMrYXMyeU1KKNEpXo5VawLFaiG08fS7/7JqyTRr/gLBfDjI21TCVn6KXWqN6gTboE2SXRmjRgjVH9Z5AYXmRCI1fMuX5EcxzOmUXJlViEg8KJnPEpG4v58rkFufZSQlJj/WgkS3Vjj2XOzbLYb2YMJ27bK8X/vH6B6f1wLnVeoNB8dSgtFEFDyqQkkVZwVDNPGLfSf0j4hFnG0fcR+uTRds5d0rltRrQZPVOowiVcwQ1EcAcP8AQtaAOHBD7gO3gN3oPPVUOVYF3VBWwg+PoDbXiF7Q==</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dP98PGq8E0SKZoKSpgK27HT44mc=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2XGjYKbght3VrAPaEvJpJk2NjMZkjtCGfoPbkTcKPg1/oJ/YzqdTVsPBA7nnHDvuX4shUHX/XUKG5tb2zvF3dLe/sHhUfn4pGVUohlvMiWV7vjUcCki3kSBkndizWnoS972J3dzv/3CtREqesJpzPshHUUiEIyilbppj1FJHmZV73JQrrg1NwNZJ15OKpCjMSj/9IaKJSGPkElqTNdzY+ynVKNgks9KvcTwmLIJHfE0W3RGLqw0JIHS9kVIMnUpR0NjpqFvkyHFsVn15uJ/XjfB4KafiihOkEdsMShIJEFF5q3JUGjOUE4toUwLuyFhY6opQ3ubkq3urRZdJ62rmufWvEe3Ur/Nj1CEMziHKnhwDXW4hwY0gYGCN/iEL+fZeXXenY9FtODkf05hCc73H8bYi/0=</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit>

scalar-tensor
O(1)

<latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="tYrJZ4vtEFZsW5WL3TBxT906ocw=">AAABz3icbVBNSwMxFHxbv+patZ69BIvgqWS96FHw4rGC/YC2lmw224ZmkyV5K5TSmyfFk3/Kv+C/Mdv20taBB8PMg/dm4lxJh5T+BpW9/YPDo+pxeFILT8/O67WOM4Xlos2NMrYXMyeU1KKNEpXo5VawLFaiG08fS7/7JqyTRr/gLBfDjI21TCVn6KXWqN6gTboE2SXRmjRgjVH9Z5AYXmRCI1fMuX5EcxzOmUXJlViEg8KJnPEpG4v58rkFufZSQlJj/WgkS3Vjj2XOzbLYb2YMJ27bK8X/vH6B6f1wLnVeoNB8dSgtFEFDyqQkkVZwVDNPGLfSf0j4hFnG0fcR+uTRds5d0rltRrQZPVOowiVcwQ1EcAcP8AQtaAOHBD7gO3gN3oPPVUOVYF3VBWwg+PoDbXiF7Q==</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dP98PGq8E0SKZoKSpgK27HT44mc=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2XGjYKbght3VrAPaEvJpJk2NjMZkjtCGfoPbkTcKPg1/oJ/YzqdTVsPBA7nnHDvuX4shUHX/XUKG5tb2zvF3dLe/sHhUfn4pGVUohlvMiWV7vjUcCki3kSBkndizWnoS972J3dzv/3CtREqesJpzPshHUUiEIyilbppj1FJHmZV73JQrrg1NwNZJ15OKpCjMSj/9IaKJSGPkElqTNdzY+ynVKNgks9KvcTwmLIJHfE0W3RGLqw0JIHS9kVIMnUpR0NjpqFvkyHFsVn15uJ/XjfB4KafiihOkEdsMShIJEFF5q3JUGjOUE4toUwLuyFhY6opQ3ubkq3urRZdJ62rmufWvEe3Ur/Nj1CEMziHKnhwDXW4hwY0gYGCN/iEL+fZeXXenY9FtODkf05hCc73H8bYi/0=</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit>

Scalar-tensor:



Scalar-tensor theories

Quintessence: 

   Simplest models of modified gravity are base on single scalar field (universal coupling)

L = R+ V (�)� gµ⌫@µ�@⌫�
<latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit>

k-essence: L = R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit>

Scalar-tensor:

Braiding: ⇤ ⌘ gµ⌫rµr⌫
<latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit>

Vainshtein screening: large classical scalar field nonlinearities
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� 1

L = f(�)R+G2(�, X) +G3(�, X)⇤�
<latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit>

1 104 108 1012 1016 1020 1024
10-610-510-40.0010.0100.1001

km
<latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit><latexit sha1_base64="LNeHMB0T13o9qT06XftI21U+UB4=">AAAB5nicbVDLSgMxFL3js9ZX1aWbYBFclRkRFNwU3LisYB/SlpJJM21okhmSO2IZ+gtuRNwo+Dn+gn9j2s6mrQcCh3NOuPfcMJHCou//emvrG5tb24Wd4u7e/sFh6ei4YePUMF5nsYxNK6SWS6F5HQVK3koMpyqUvBmO7qZ+85kbK2L9iOOEdxUdaBEJRtFJTx3kL5iN1KRXKvsVfwaySoKclCFHrVf66fRjliqukUlqbTvwE+xm1KBgkk+KndTyhLIRHfBstuaEnDupT6LYuKeRzNSFHFXWjlXokori0C57U/E/r51idNPNhE5S5JrNB0WpJBiTaWfSF4YzlGNHKDPCbUjYkBrK0F2m6KoHy0VXSeOyEviV4OGqXL3Nj1CAUziDCwjgGqpwDzWoAwMFb/AJX97Qe/XevY95dM3L/5zAArzvPzCKjGk=</latexit>
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<latexit sha1_base64="3PhT4ofI2DlQuofreMfIwXMFf9s=">AAAB63icbVDJSgNBFHwTtxi3qEcvjUHwYphRQcFLwIsHDxHMAtno6elJmvQsdL8RwjBf4UXEi4L/4i/4N3aSuSSxoKGoqua9em4shUbb/rUKa+sbm1vF7dLO7t7+QfnwqKmjRDHeYJGMVNulmksR8gYKlLwdK04DV/KWO76f+q0XrrSIwmecxLwX0GEofMEoGqnffTRRjw6u+umFkw3KFbtqz0BWiZOTCuSoD8o/XS9iScBDZJJq3XHsGHspVSiY5Fmpm2geUzamQ57Ods3ImZE84kfKvBDJTF3I0UDrSeCaZEBxpJe9qfif10nQv+2lIowT5CGbD/ITSTAi0+LEE4ozlBNDKFPCbEjYiCrK0JynZKo7y0VXSfOy6thV5+m6UrvLj1CEEziFc3DgBmrwAHVoAAMFb/AJX1ZgvVrv1sc8WrDyP8ewAOv7D1/rjY0=</latexit><latexit sha1_base64="3PhT4ofI2DlQuofreMfIwXMFf9s=">AAAB63icbVDJSgNBFHwTtxi3qEcvjUHwYphRQcFLwIsHDxHMAtno6elJmvQsdL8RwjBf4UXEi4L/4i/4N3aSuSSxoKGoqua9em4shUbb/rUKa+sbm1vF7dLO7t7+QfnwqKmjRDHeYJGMVNulmksR8gYKlLwdK04DV/KWO76f+q0XrrSIwmecxLwX0GEofMEoGqnffTRRjw6u+umFkw3KFbtqz0BWiZOTCuSoD8o/XS9iScBDZJJq3XHsGHspVSiY5Fmpm2geUzamQ57Ods3ImZE84kfKvBDJTF3I0UDrSeCaZEBxpJe9qfif10nQv+2lIowT5CGbD/ITSTAi0+LEE4ozlBNDKFPCbEjYiCrK0JynZKo7y0VXSfOy6thV5+m6UrvLj1CEEziFc3DgBmrwAHVoAAMFb/AJX1ZgvVrv1sc8WrDyP8ewAOv7D1/rjY0=</latexit><latexit sha1_base64="3PhT4ofI2DlQuofreMfIwXMFf9s=">AAAB63icbVDJSgNBFHwTtxi3qEcvjUHwYphRQcFLwIsHDxHMAtno6elJmvQsdL8RwjBf4UXEi4L/4i/4N3aSuSSxoKGoqua9em4shUbb/rUKa+sbm1vF7dLO7t7+QfnwqKmjRDHeYJGMVNulmksR8gYKlLwdK04DV/KWO76f+q0XrrSIwmecxLwX0GEofMEoGqnffTRRjw6u+umFkw3KFbtqz0BWiZOTCuSoD8o/XS9iScBDZJJq3XHsGHspVSiY5Fmpm2geUzamQ57Ods3ImZE84kfKvBDJTF3I0UDrSeCaZEBxpJe9qfif10nQv+2lIowT5CGbD/ITSTAi0+LEE4ozlBNDKFPCbEjYiCrK0JynZKo7y0VXSfOy6thV5+m6UrvLj1CEEziFc3DgBmrwAHVoAAMFb/AJX1ZgvVrv1sc8WrDyP8ewAOv7D1/rjY0=</latexit><latexit sha1_base64="3PhT4ofI2DlQuofreMfIwXMFf9s=">AAAB63icbVDJSgNBFHwTtxi3qEcvjUHwYphRQcFLwIsHDxHMAtno6elJmvQsdL8RwjBf4UXEi4L/4i/4N3aSuSSxoKGoqua9em4shUbb/rUKa+sbm1vF7dLO7t7+QfnwqKmjRDHeYJGMVNulmksR8gYKlLwdK04DV/KWO76f+q0XrrSIwmecxLwX0GEofMEoGqnffTRRjw6u+umFkw3KFbtqz0BWiZOTCuSoD8o/XS9iScBDZJJq3XHsGHspVSiY5Fmpm2geUzamQ57Ods3ImZE84kfKvBDJTF3I0UDrSeCaZEBxpJe9qfif10nQv+2lIowT5CGbD/ITSTAi0+LEE4ozlBNDKFPCbEjYiCrK0JynZKo7y0VXSfOy6thV5+m6UrvLj1CEEziFc3DgBmrwAHVoAAMFb/AJX1ZgvVrv1sc8WrDyP8ewAOv7D1/rjY0=</latexit>

O(1)
<latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="tYrJZ4vtEFZsW5WL3TBxT906ocw=">AAABz3icbVBNSwMxFHxbv+patZ69BIvgqWS96FHw4rGC/YC2lmw224ZmkyV5K5TSmyfFk3/Kv+C/Mdv20taBB8PMg/dm4lxJh5T+BpW9/YPDo+pxeFILT8/O67WOM4Xlos2NMrYXMyeU1KKNEpXo5VawLFaiG08fS7/7JqyTRr/gLBfDjI21TCVn6KXWqN6gTboE2SXRmjRgjVH9Z5AYXmRCI1fMuX5EcxzOmUXJlViEg8KJnPEpG4v58rkFufZSQlJj/WgkS3Vjj2XOzbLYb2YMJ27bK8X/vH6B6f1wLnVeoNB8dSgtFEFDyqQkkVZwVDNPGLfSf0j4hFnG0fcR+uTRds5d0rltRrQZPVOowiVcwQ1EcAcP8AQtaAOHBD7gO3gN3oPPVUOVYF3VBWwg+PoDbXiF7Q==</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dnU2HuMKLKNsESvIW/AtgogVl/U=">AAAB3XicbVDLSgNBEOz1GWPU6NXLYBDiJcx40aPgxZsRzAOSEGYns8mY2Z1lplcIS/7Bi4gX/R1/wb9x8rgksaChqGrorgpTrRxS+htsbe/s7u0XDoqHpaPjk/JpqelMZoVsCKONbYfcSa0S2UCFWrZTK3kcatkKx/czv/UqrVMmecZJKnsxHyYqUoKjlzp5V3BNHqdVdtUvV2iNzkE2CVuSCixR75d/ugMjslgmKDR3rsNoir2cW1RCy2mxmzmZcjHmQ5nPH52SSy8NSGSsnwTJXF3Z47Fzkzj0mzHHkVv3ZuJ/XifD6LaXqyTNUCZicSjKNEFDZqnJQFkpUE884cIq/yERI265QN9N0Udn60E3SfO6xmiNPVEowDlcQBUY3MAdPEAdGiDAwDt8wXfwErwFH4uStoJlW2ewguDzD8FxirU=</latexit><latexit sha1_base64="dP98PGq8E0SKZoKSpgK27HT44mc=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2XGjYKbght3VrAPaEvJpJk2NjMZkjtCGfoPbkTcKPg1/oJ/YzqdTVsPBA7nnHDvuX4shUHX/XUKG5tb2zvF3dLe/sHhUfn4pGVUohlvMiWV7vjUcCki3kSBkndizWnoS972J3dzv/3CtREqesJpzPshHUUiEIyilbppj1FJHmZV73JQrrg1NwNZJ15OKpCjMSj/9IaKJSGPkElqTNdzY+ynVKNgks9KvcTwmLIJHfE0W3RGLqw0JIHS9kVIMnUpR0NjpqFvkyHFsVn15uJ/XjfB4KafiihOkEdsMShIJEFF5q3JUGjOUE4toUwLuyFhY6opQ3ubkq3urRZdJ62rmufWvEe3Ur/Nj1CEMziHKnhwDXW4hwY0gYGCN/iEL+fZeXXenY9FtODkf05hCc73H8bYi/0=</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit><latexit sha1_base64="TiEpBCsK12jQ/3w0U/Yt3pS8FQk=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBItQN2VGCgpuCm7cWcE+oC0lk2ba2MxkSO4IZeg/uBFxo+DX+Av+jWk7m7YeCBzOOeHec/1YCoOu++vkNja3tnfyu4W9/YPDo+LxSdOoRDPeYEoq3fap4VJEvIECJW/HmtPQl7zlj+9mfuuFayNU9ISTmPdCOoxEIBhFK3XSLqOSPEzL3mW/WHIr7hxknXgZKUGGer/40x0oloQ8QiapMR3PjbGXUo2CST4tdBPDY8rGdMjT+aJTcmGlAQmUti9CMleXcjQ0ZhL6NhlSHJlVbyb+53USDG56qYjiBHnEFoOCRBJUZNaaDITmDOXEEsq0sBsSNqKaMrS3Kdjq3mrRddK8qnhuxXuslmq32RHycAbnUAYPrqEG91CHBjBQ8Aaf8OU8O6/Ou/OxiOac7M8pLMH5/gPIGIwB</latexit>

⌧ O(10�2)
<latexit sha1_base64="Q9XzhKKVc0Q5ZYXBqao4AdXnsHU=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBahLixJERTcFNy4s4J9QFPLZDpph04yYWZSKCF/4kbEjYLf4S/4N07bbNp6YOBwzhnuvcePOVPacX6ttfWNza3twk5xd2//4NA+Om4qkUhCG0RwIds+VpSziDY005y2Y0lx6HPa8kf3U781plIxET3rSUy7IR5ELGAEayP17FOPc5R6BHP0mJVd5yW9qmaXPbvkVJwZ0Cpxc1KCHPWe/eP1BUlCGmnCsVId14l1N8VSM8JpVvQSRWNMRnhA09nSGbowUh8FQpoXaTRTF3I4VGoS+iYZYj1Uy95U/M/rJDq47aYsihNNIzIfFCQcaYGmDaA+k5RoPjEEE8nMhogMscREm56K5nR3+dBV0qxWXKfiPl2Xand5CQU4g3Mogws3UIMHqEMDCKTwBp/wZY2tV+vd+phH16z8zwkswPr+A6aIj88=</latexit><latexit sha1_base64="Q9XzhKKVc0Q5ZYXBqao4AdXnsHU=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBahLixJERTcFNy4s4J9QFPLZDpph04yYWZSKCF/4kbEjYLf4S/4N07bbNp6YOBwzhnuvcePOVPacX6ttfWNza3twk5xd2//4NA+Om4qkUhCG0RwIds+VpSziDY005y2Y0lx6HPa8kf3U781plIxET3rSUy7IR5ELGAEayP17FOPc5R6BHP0mJVd5yW9qmaXPbvkVJwZ0Cpxc1KCHPWe/eP1BUlCGmnCsVId14l1N8VSM8JpVvQSRWNMRnhA09nSGbowUh8FQpoXaTRTF3I4VGoS+iYZYj1Uy95U/M/rJDq47aYsihNNIzIfFCQcaYGmDaA+k5RoPjEEE8nMhogMscREm56K5nR3+dBV0qxWXKfiPl2Xand5CQU4g3Mogws3UIMHqEMDCKTwBp/wZY2tV+vd+phH16z8zwkswPr+A6aIj88=</latexit><latexit sha1_base64="Q9XzhKKVc0Q5ZYXBqao4AdXnsHU=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBahLixJERTcFNy4s4J9QFPLZDpph04yYWZSKCF/4kbEjYLf4S/4N07bbNp6YOBwzhnuvcePOVPacX6ttfWNza3twk5xd2//4NA+Om4qkUhCG0RwIds+VpSziDY005y2Y0lx6HPa8kf3U781plIxET3rSUy7IR5ELGAEayP17FOPc5R6BHP0mJVd5yW9qmaXPbvkVJwZ0Cpxc1KCHPWe/eP1BUlCGmnCsVId14l1N8VSM8JpVvQSRWNMRnhA09nSGbowUh8FQpoXaTRTF3I4VGoS+iYZYj1Uy95U/M/rJDq47aYsihNNIzIfFCQcaYGmDaA+k5RoPjEEE8nMhogMscREm56K5nR3+dBV0qxWXKfiPl2Xand5CQU4g3Mogws3UIMHqEMDCKTwBp/wZY2tV+vd+phH16z8zwkswPr+A6aIj88=</latexit><latexit sha1_base64="Q9XzhKKVc0Q5ZYXBqao4AdXnsHU=">AAAB9HicbVDLSsNAFL3xWesrKq7cDBahLixJERTcFNy4s4J9QFPLZDpph04yYWZSKCF/4kbEjYLf4S/4N07bbNp6YOBwzhnuvcePOVPacX6ttfWNza3twk5xd2//4NA+Om4qkUhCG0RwIds+VpSziDY005y2Y0lx6HPa8kf3U781plIxET3rSUy7IR5ELGAEayP17FOPc5R6BHP0mJVd5yW9qmaXPbvkVJwZ0Cpxc1KCHPWe/eP1BUlCGmnCsVId14l1N8VSM8JpVvQSRWNMRnhA09nSGbowUh8FQpoXaTRTF3I4VGoS+iYZYj1Uy95U/M/rJDq47aYsihNNIzIfFCQcaYGmDaA+k5RoPjEEE8nMhogMscREm56K5nR3+dBV0qxWXKfiPl2Xand5CQU4g3Mogws3UIMHqEMDCKTwBp/wZY2tV+vd+phH16z8zwkswPr+A6aIj88=</latexit>

almost GR scalar-tensor

L = f(�)R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit>



Scalar-tensor theories

Quintessence: 

   Simplest models of modified gravity are base on single scalar field (universal coupling)

L = R+ V (�)� gµ⌫@µ�@⌫�
<latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit><latexit sha1_base64="reXRJjVYSBvhy9r0MXd0VMEZqmI=">AAACJ3icbZDLSgMxFIYz9VbrrerSzcEiVMQyI4KCCAU3XbioYi/QqSWTpm1oJjMkGaEM80BufA53bkR0oeCbmLYD0uqBwM/3n5zkP17ImdK2/WFlFhaXlleyq7m19Y3Nrfz2Tl0FkSS0RgIeyKaHFeVM0JpmmtNmKCn2PU4b3vBq7DceqFQsEHd6FNK2j/uC9RjB2qBOvhK7BHO4TuAS4BaOoF50wwE7hGPo38euH4ErosQNsdQM884EGB9+iZiSTr5gl+xJwV/hpKKA0qp28s9uNyCRT4UmHCvVcuxQt+PxWMJpknMjRUNMhrhP40nOBA4M6kIvkOYIDRM604d9pUa+Zzp9rAdq3hvD/7xWpHvn7ZiJMNJUkOlDvYiDDmC8NOgySYnmIyMwkcz8EMgAS0y0WW3ORHfmg/4V9ZOSY5ecm9NC+SJdQhbtoX1URA46Q2VUQVVUQwQ9oVf0ib6sR+vFerPep60ZK72zi2bK+v4Brm6j2w==</latexit>

k-essence: L = R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit><latexit sha1_base64="M0TjznnP9q5T4Xz5ax6icgorglI="></latexit>

Braiding: ⇤ ⌘ gµ⌫rµr⌫
<latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit><latexit sha1_base64="AeKjmbKR7KA5cDOCtnvcvXp8cTc=">AAACDXicbVDNSgMxGMzWv1r/Vj16CRbBU90VQcVL0YvHCq4tdOuSTbNtaDa75qdYlr6DF1/Fi+JJ0Vfwbcy2RWjrBwmTmQnJTJgyKpXj/FiFhcWl5ZXiamltfWNzy97euZOJFph4OGGJaIRIEkY58RRVjDRSQVAcMlIPe1e5Xu8TIWnCb9UgJa0YdTiNKEbKUIF95F8mj9AnD5r2Yec+82MNfa6HZkMhQ0F+/sNcw8AuOxVnNHAeuBNQBpOpBfa3306wjglXmCEpm66TqlaGhKKYkWHJ15KkCPdQh2SjOEN4YKg2jBJhFldwxE75UCzlIA6NM0aqK2e1nPxPa2oVnbUyylOtCMfjhyLNoEpg3g1sU0GwYgMDEBbU/BDiLhIIK9NgyUR3Z4POA++4cl5xb07K1YtJB0WwB/bBIXDBKaiCa1ADHsDgGbyCD/BpPVkv1pv1PrYWrMmdXTA11tcvcK+bDQ==</latexit>

L = f(�)R+G2(�, X) +G3(�, X)⇤�
<latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit>

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�
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Horndeski - most general Lorentz-invariant theory with up to 2nd-order EOM:

L = f(�)R+G2(�, X) , X ⌘ gµ⌫@µ�@⌫�
<latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit><latexit sha1_base64="kDqwmgv9zdzPILSW9mXuiFw9Wc0="></latexit>

Scalar-tensor:



EFT expansion
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Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale
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Leading terms in a derivative expansion, 
relevant for cosmology. No Ostrogradski 
ghost guaranteed by 2nd order EOM
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<latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit>
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<latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit>



EFT expansion

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale

ࠅ

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

ࠅ

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

ࠅ

Leading terms in a derivative expansion, 
relevant for cosmology. No Ostrogradski 
ghost guaranteed by 2nd order EOM

⇤3 ⇠ (MPlH
2
0 )

1/3 ⇠ (1000 km)�1
<latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit>

X

✓
X

⇤4
2

◆n ✓@2�

⇤3
3

◆m

<latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit>

⇤2 ⇠ (MPlH0)
1/2 ⇠ (mm)�1

<latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit>

Higher-derivative operators relevant at Λ3:

⇤4
3

✓
X

⇤4
2

◆n ✓ @

⇤3

◆p ✓@2�

⇤3
3

◆q

<latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit>

Approximate Galileon invariance protects from 
quantum corrections � ! �+ c+ bµx

µ
<latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit>

m = 0, 1, 2, 3
<latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit>

��i ⇠ (⇤3/⇤2)
4 ⇠ 10�40

<latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit>



EFT expansion

Leading terms in a derivative expansion, 
relevant for cosmology. No Ostrogradski 
ghost guaranteed by 2nd order EOM

⇤3 ⇠ (MPlH
2
0 )

1/3 ⇠ (1000 km)�1
<latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit><latexit sha1_base64="zwB7TtHLdma3r4XaKY7bNfQkdtI=">AAACI3icbVBLSwMxGMz6tr5WPXoJFkEP1kQFBS+CHjwoVLC14NYlm6YamuwuybdiWfbnePGXCF5EvCj4X0zrXnwMBIaZCclMlCppgZB3b2R0bHxicmq6MjM7N7/gLy41bZIZLho8UYlpRcwKJWPRAAlKtFIjmI6UuIx6RwP/8k4YK5P4AvqpaGt2E8uu5AycFPrHwakLd1i4gwMrNV4/C/PAaFxXBT4JyfX2xnVOt3aK0qWEEBzgAMQ95D1dOHeTFqFfJTUyBP5LaEmqqEQ99J+CTsIzLWLgill7RUkK7ZwZkFyJohJkVqSM99iNyIcdC7zmpA7uJsadGPBQ/ZFj2tq+jlxSM7i1v72B+J93lUF3v53LOM1AxPz7oW6mMCR4MBjuSCM4qL4jjBvpfoj5LTOMg5u14qrT30X/kuZ2jZIaPd+tHh6UI0yhFbSK1hFFe+gQnaA6aiCOHtELekcf3oP37L16b9/REa+8s4x+wPv8AmJkoL8=</latexit>

X

✓
X

⇤4
2

◆n ✓@2�

⇤3
3

◆m

<latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit><latexit sha1_base64="gScDjYNYY3MeqxgsmG+jVm/ZrXI="></latexit>

⇤2 ⇠ (MPlH0)
1/2 ⇠ (mm)�1

<latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit><latexit sha1_base64="Oczsp2jNCHg9uZrVd+7KWmN5iQs=">AAACG3icbVDNSgMxGMzWv1r/qh69BItQD9bdIijooeClB4UKVgvdumTTtA1NdpfkW7Es+yhefBUvIl4UPPg2pnUvbR0IDDMTkhk/ElyDbf9YuYXFpeWV/GphbX1jc6u4vXOnw1hR1qShCFXLJ5oJHrAmcBCsFSlGpC/YvT+8HPv3j0xpHga3MIpYR5J+wHucEjCSV7xwr0y4S7wqdjWXuHztJa6SuCFSXPfsw4fEOa6mODNdYE+QSJka/chJvWLJrtgT4HniZKSEMjS84pvbDWksWQBUEK3bjh1BJyEKOBUsLbixZhGhQ9JnyaRbig+M1MW9UJkTAJ6oUzkitR5J3yQlgYGe9cbif147ht5ZJ+FBFAML6N9DvVhgCPF4KNzlilEQI0MIVdz8ENMBUYSCmbNgqjuzRefJXbXiGH5zUqqdZyPk0R7aR2XkoFNUQ3XUQE1E0Qt6Q5/oy3q2Xq136+MvmrOyO7toCtb3L/j0nqI=</latexit>

Higher-derivative operators relevant at Λ3:

⇤4
3

✓
X

⇤4
2

◆n ✓ @

⇤3

◆p ✓@2�

⇤3
3

◆q

<latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit><latexit sha1_base64="oaxUTgspn2AO5CbAnRAUdMRvcmE="></latexit>

Approximate Galileon invariance protects from 
quantum corrections � ! �+ c+ bµx

µ
<latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit><latexit sha1_base64="We3YhZCeknIqbZUfdlzRmDt6Q7g=">AAAB+nicbVDLSgMxFL1TX7W+Rl12EyyCUCgzIii4KbhxWcE+oFOHTJppQzMzIcmIpXbhr7gRcaPgR/gL/o2ZdjZtvZBwOOeE3HMCwZnSjvNrFdbWNza3itulnd29/QP78KilklQS2iQJT2QnwIpyFtOmZprTjpAURwGn7WB0k+ntRyoVS+J7PRa0F+FBzEJGsDaUb5c9MWTI0wnKQJVUA9+LUvT0YG7frjg1ZzZoFbg5qEA+Dd/+8foJSSMaa8KxUl3XEbo3wVIzwum05KWKCkxGeEAns9Wn6NRQfRQm0pxYoxm74MORUuMoMM4I66Fa1jLyP62b6vCqN2GxSDWNyfyjMOXIJM16QH0mKdF8bAAmkpkNERliiYk2bZVMdHc56Cponddcg+8uKvXrvIQilOEEzsCFS6jDLTSgCQRe4A0+4ct6tl6td+tjbi1Y+ZtjWBjr+w8azJMC</latexit>

m = 0, 1, 2, 3
<latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit><latexit sha1_base64="hIA0BuRPT2tr/Mc+1acWklJ/ezg=">AAAB9HicbVDLSgNBEOyNrxhfq+LJy2AQPISwGwUFEQJePEYwD0hCmJ3MJkNmH8z0BkLIn3gR8aLgd/gL/o2TzV6SWDBNUdXNdJcXS6HRcX6t3Mbm1vZOfrewt39weGQfnzR0lCjG6yySkWp5VHMpQl5HgZK3YsVp4Ene9EaPc7855kqLKHzBScy7AR2EwheMopF69lnw4JRIp0TctFbSet2zi07ZSUHWiZuRImSo9eyfTj9iScBDZJJq3XadGLtTqlAwyWeFTqJ5TNmIDvg0XXpGLo3UJ36kzAuRpOpSHw20ngSe6QwoDvWqNxf/89oJ+nfdqQjjBHnIFh/5iSQYkXkCpC8UZygnhlCmhNmQsCFVlKHJqWBOd1cPXSeNStk1/PmmWL3PQsjDOVzAFbhwC1V4ghrUgcEU3uATvqyx9Wq9Wx+L1pyVzZzCEqzvPwhJjW0=</latexit>

��i ⇠ (⇤3/⇤2)
4 ⇠ 10�40

<latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit><latexit sha1_base64="Zag6MrPckT9HbDbQ+wlgusSdFxk="></latexit>

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale

ࠅ



H
or

nd
es

ki

Invariance: g̃µ⌫ = C(�)gµ⌫ +D(�)@µ�@⌫�
<latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit>

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�
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G5,X(�, X)

h
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⇤

<latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit>

Beyond Horndeski
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g̃µ⌫ = C(�)gµ⌫ +D(�)@µ�@⌫�
<latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit>

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (rµr⌫�)

2
i

+G5(�, X)Gµ⌫rµr⌫�+
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(rµr⌫�)

2 + 2(rµr⌫�)
3
⇤

<latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit>

g̃µ⌫ = C(�)gµ⌫ +D(�, X)@µ�@⌫�
<latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit>

   Horndeski + F4,5(�, X)
<latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit>

D(X)
<latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit>

In vacuum, two disformally related theories are equivalent. With matter (and minimal 
coupling), two D(X)-disformally related theories are inequivalent.

Beyond Horndeski



H
or

nd
es

ki

g̃µ⌫ = C(�)gµ⌫ +D(�)@µ�@⌫�
<latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit>

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (rµr⌫�)

2
i

+G5(�, X)Gµ⌫rµr⌫�+
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(rµr⌫�)

2 + 2(rµr⌫�)
3
⇤

<latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit>

Invariance:

G
LP

V

g̃µ⌫ = C(�)gµ⌫ +D(�, X)@µ�@⌫�
<latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit>

Invariance:

   Horndeski + F4,5(�, X)
<latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit>

D
H

O
ST

/E
ST

6 functions of �, X
<latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit>

g̃µ⌫ = C(�, X)gµ⌫ +D(�, X)@µ�@⌫�
<latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit>
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FIG. 9. Top figure: The T T , EE, lensing and T E angular powerspectra of the CMB for a reference LCDM and four different choices of the
{wDE, aX} functions along with the relative difference between EFTCAMB and hi class . Bottom figure: The same as in the top figure but
for the matter power spectrum at different redshifts.

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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<latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit><latexit sha1_base64="gh652FnqClTUZ6DQaQgUMbY/VcE=">AAACM3icbZBdS8MwFIZTP+f8qnrpTXAIE2G0IqiIMJgXXk6wbrCOkmbpFpamJUmFUfa3vPEP+BcEbxSvFP+DadeLfXgg8PK8Jyd5jx8zKpVlvRlLyyura+uljfLm1vbOrrm3/yijRGDi4IhFou0jSRjlxFFUMdKOBUGhz0jLHzYyv/VEhKQRf1CjmHRD1Oc0oBgpjTzTcRVlPQL7XuqGCXR5Mr6BjaobD+jJNISn8LagboyEooh5uafRFOET4pkVq2blBReFXYgKKKrpma9uL8JJSLjCDEnZsa1YddNsLGZkXHYTSWKEh6hP0jz0GB5r1INBJPThCuZ0pg+FUo5CX3eGSA3kvJfB/7xOooLLbkp5nCjC8eShIGFQRTDbIOxRQbBiIy0QFlT/EOIBEggrveeyjm7PB10Uzlntqmbfn1fq18UOSuAQHIEqsMEFqIM70AQOwOAFfIBv8GM8G+/Gp/E1aV0yijsHYKaM3z97f6mL</latexit>

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (rµr⌫�)

2
i

+G5(�, X)Gµ⌫rµr⌫�+
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(rµr⌫�)

2 + 2(rµr⌫�)
3
⇤

<latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit><latexit sha1_base64="hPavQ2/37s2AguEJsG8VzK/J6Ts="></latexit>

Invariance:

G
LP

V

g̃µ⌫ = C(�)gµ⌫ +D(�, X)@µ�@⌫�
<latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit><latexit sha1_base64="CP5TpMqgQQSrm9SrN+G7nnAsG/Q=">AAACNXicbZDLSgMxFIYzXmu9jbp0EyxCi1JmRFARoVAXLitYW+iUIZNJ29BMZshFKKXv5ca9r+DGjeJK8RVMp7PoxQOBn+8/Ocl/goRRqRznzVpaXlldW89t5De3tnd27b39RxlrgUkdxywWzQBJwigndUUVI81EEBQFjDSCfnXsN56IkDTmD2qQkHaEupx2KEbKIN9ueIqykMCuP/QiDT2uRzewWvSSHi1NQ3gCb1N62ixBL0FCUcT81DVwivAJ8e2CU3bSgovCzUQBZFXz7VcvjLGOCFeYISlbrpOo9nA8FjMyyntakgThPuqSYRp7BI8NCmEnFuZwBVM604ciKQdRYDojpHpy3hvD/7yWVp3L9pDyRCvC8eShjmZQxXC8QxhSQbBiAyMQFtT8EOIeEggrs+m8ie7OB10U9bPyVdm9Py9UrrMd5MAhOAJF4IILUAF3oAbqAIMX8AG+wY/1bL1bn9bXpHXJyu4cgJmyfv8AvUCqIw==</latexit>

Invariance:

   Horndeski + F4,5(�, X)
<latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit><latexit sha1_base64="GwTTwAw35pc1n5qGtgUQ1FzxJIg=">AAAB7nicbVDdSgJBGP3W/sx+3OqymyEJDER2xSjoRgiiS4P8AZVldpzVwdndYWY2kMXX6Caim4IepVfobRp1b9QODBzOOcP3nc8XnCntOL9Wbmt7Z3cvv184ODw6Ltonp20VJ5LQFol5LLs+VpSziLY005x2haQ49Dnt+JP7ud95oVKxOHrWU0EHIR5FLGAEayN5dvHBS+uV61m5L8as0r3y7JJTdRZAm8TNSAkyND37pz+MSRLSSBOOleq5jtCDFEvNCKezQj9RVGAywSOaLtadoUsjDVEQS/MijRbqSg6HSk1D3yRDrMdq3ZuL/3m9RAe3g5RFItE0IstBQcKRjtG8OxoySYnmU0MwkcxsiMgYS0y0uVDBVHfXi26Sdq3qOlX3qV5q3GVHyMM5XEAZXLiBBjxCE1pAIIE3+IQvS1iv1rv1sYzmrOzPGazA+v4DnuiNiQ==</latexit>

D
H

O
ST

/E
ST

6 functions of �, X
<latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit><latexit sha1_base64="WVHOf23dVcmj3hT/Zv6EQwmOrx8=">AAAB5HicbVDLSgMxFL1TX7W+Rl26CRbBhZQZERTcFNy4rGAf0JaSSTNtaGYSkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bqSlsBgEv15hY3Nre6e4W9rbPzg88o9PGlZlhvE6U1KZVkQtlyLldRQoeUsbTpNI8mY0epj5zRdurFDpM4417yZ0kIpYMIpOanb0UFyRVs8vB5VgDrJOwpyUIUet5/90+oplCU+RSWptOww0difUoGCST0udzHJN2YgO+GS+5JRcOKlPYmXcS5HM1aUcTawdJ5FLJhSHdtWbif957Qzju+5EpDpDnrLFoDiTBBWZNSZ9YThDOXaEMiPchoQNqaEM3V1Krnq4WnSdNK4rYVAJn27K1fv8CEU4g3O4hBBuoQqPUIM6MBjBG3zClxd7r96797GIFrz8zykswfv+A2EUiqU=</latexit>

g̃µ⌫ = C(�, X)gµ⌫ +D(�, X)@µ�@⌫�
<latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit><latexit sha1_base64="t30SkNdbX7R39CM7bDgjIZHi0MI=">AAACN3icbZBNS8MwGMfT+TbnW9Wjl+AQJspoRVARYTAPHidYN1lHSbNsC0vTkqTCGPtiXrz6Fbx5UTwpfgPTrshefCDw5/d/8iT/x48YlcqyXo3cwuLS8kp+tbC2vrG5ZW7v3MswFpg4OGShaPhIEkY5cRRVjDQiQVDgM1L3+9XErz8SIWnI79QgIq0AdTntUIyURp754CrK2gR2vaEbxNDl8egKVktu1KPHjcNJDI/g9R93IyQURcxLXQ0nCB8TzyxaZSstOC/sTBRBVjXPfHHbIY4DwhVmSMqmbUWqNUzGYkZGBTeWJEK4j7pkmAYfwQON2rATCn24gimd6kOBlIPA150BUj056yXwP68Zq855a0h5FCvC8fihTsygCmGyRdimgmDFBlogLKj+IcQ9JBBWetcFHd2eDTovnJPyRdm+PS1WLrMd5MEe2AclYIMzUAE3oAYcgMEzeAdf4Nt4Mt6MD+Nz3Jozsju7YKqMn1/9Oaq7</latexit>

Invariance:

D(X)
<latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit><latexit sha1_base64="O1/VCa2MK9lo3jghq5gO2qt+HPc=">AAAB4XicdVDLSgMxFL3js9ZX1aWbYBHqZsiMQ1txU9CFywr2AW0pmTTThmYeJBmhlH6AGxE3Cv6Qv+DfmGnroqIHAodzTrj3XD8RXGmMv6y19Y3Nre3cTn53b//gsHB03FRxKilr0FjEsu0TxQSPWENzLVg7kYyEvmAtf3yT+a1HJhWPowc9SVgvJMOIB5wSnUm3pfZFv1DE9lW17HplhG2MK47rZMSteJcecoySoQhL1PuFz+4gpmnIIk0FUarj4ET3pkRqTgWb5bupYgmhYzJk0/mGM3RupAEKYmlepNFcXcmRUKlJ6JtkSPRI/fYy8S+vk+qg2pvyKEk1i+hiUJAKpGOU1UUDLhnVYmIIoZKbDREdEUmoNkfJm+o//dD/pOnaDrade69Yu14eIQencAYlcKACNbiDOjSAwgie4Q3eLWo9WS/W6yK6Zi3/nMAKrI9vU4yJdQ==</latexit>

C(X)
<latexit sha1_base64="HGrZC9rrJALsG61s2rCJqWrIkKM=">AAAB4XicdVDLSgMxFL1TX7W+qi7dBItQN0NmHNqKm0I3LivYB7SlZNJMG5p5kGSEUvoBbkTcKPhD/oJ/Y6atC0UPBA7nnHDvuX4iuNIYf1q5jc2t7Z38bmFv/+DwqHh80lZxKilr0VjEsusTxQSPWEtzLVg3kYyEvmAdf9rI/M4Dk4rH0b2eJWwQknHEA06JzqRGuXs5LJawfV2ruF4FYRvjquM6GXGr3pWHHKNkKMEazWHxoz+KaRqySFNBlOo5ONGDOZGaU8EWhX6qWELolIzZfLnhAl0YaYSCWJoXabRUf+RIqNQs9E0yJHqifnuZ+JfXS3VQG8x5lKSaRXQ1KEgF0jHK6qIRl4xqMTOEUMnNhohOiCRUm6MUTPXvfuh/0nZtB9vOnVeq36yPkIczOIcyOFCFOtxCE1pAYQJP8ApvFrUerWfrZRXNWes/p/AD1vsXUg+JdA==</latexit><latexit sha1_base64="HGrZC9rrJALsG61s2rCJqWrIkKM=">AAAB4XicdVDLSgMxFL1TX7W+qi7dBItQN0NmHNqKm0I3LivYB7SlZNJMG5p5kGSEUvoBbkTcKPhD/oJ/Y6atC0UPBA7nnHDvuX4iuNIYf1q5jc2t7Z38bmFv/+DwqHh80lZxKilr0VjEsusTxQSPWEtzLVg3kYyEvmAdf9rI/M4Dk4rH0b2eJWwQknHEA06JzqRGuXs5LJawfV2ruF4FYRvjquM6GXGr3pWHHKNkKMEazWHxoz+KaRqySFNBlOo5ONGDOZGaU8EWhX6qWELolIzZfLnhAl0YaYSCWJoXabRUf+RIqNQs9E0yJHqifnuZ+JfXS3VQG8x5lKSaRXQ1KEgF0jHK6qIRl4xqMTOEUMnNhohOiCRUm6MUTPXvfuh/0nZtB9vOnVeq36yPkIczOIcyOFCFOtxCE1pAYQJP8ApvFrUerWfrZRXNWes/p/AD1vsXUg+JdA==</latexit><latexit sha1_base64="HGrZC9rrJALsG61s2rCJqWrIkKM=">AAAB4XicdVDLSgMxFL1TX7W+qi7dBItQN0NmHNqKm0I3LivYB7SlZNJMG5p5kGSEUvoBbkTcKPhD/oJ/Y6atC0UPBA7nnHDvuX4iuNIYf1q5jc2t7Z38bmFv/+DwqHh80lZxKilr0VjEsusTxQSPWEtzLVg3kYyEvmAdf9rI/M4Dk4rH0b2eJWwQknHEA06JzqRGuXs5LJawfV2ruF4FYRvjquM6GXGr3pWHHKNkKMEazWHxoz+KaRqySFNBlOo5ONGDOZGaU8EWhX6qWELolIzZfLnhAl0YaYSCWJoXabRUf+RIqNQs9E0yJHqifnuZ+JfXS3VQG8x5lKSaRXQ1KEgF0jHK6qIRl4xqMTOEUMnNhohOiCRUm6MUTPXvfuh/0nZtB9vOnVeq36yPkIczOIcyOFCFOtxCE1pAYQJP8ApvFrUerWfrZRXNWes/p/AD1vsXUg+JdA==</latexit><latexit sha1_base64="HGrZC9rrJALsG61s2rCJqWrIkKM=">AAAB4XicdVDLSgMxFL1TX7W+qi7dBItQN0NmHNqKm0I3LivYB7SlZNJMG5p5kGSEUvoBbkTcKPhD/oJ/Y6atC0UPBA7nnHDvuX4iuNIYf1q5jc2t7Z38bmFv/+DwqHh80lZxKilr0VjEsusTxQSPWEtzLVg3kYyEvmAdf9rI/M4Dk4rH0b2eJWwQknHEA06JzqRGuXs5LJawfV2ruF4FYRvjquM6GXGr3pWHHKNkKMEazWHxoz+KaRqySFNBlOo5ONGDOZGaU8EWhX6qWELolIzZfLnhAl0YaYSCWJoXabRUf+RIqNQs9E0yJHqifnuZ+JfXS3VQG8x5lKSaRXQ1KEgF0jHK6qIRl4xqMTOEUMnNhohOiCRUm6MUTPXvfuh/0nZtB9vOnVeq36yPkIczOIcyOFCFOtxCE1pAYQJP8ApvFrUerWfrZRXNWes/p/AD1vsXUg+JdA==</latexit>
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Linear perturbations: from CMB + large-scale structure

↵H(t)
<latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit>

�1(t)
<latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit>

↵K(t), ↵M (t), ↵B(t), cT (t)� 1
<latexit sha1_base64="+lCzinNFxmuYQkePT70kp1+0qC4=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKmiZEUHBTdWNIEKF3qBThjOZtA3NXEwyQil9GTe+SjcibhR9GtN2Frb1QODP959D8h8v5kwqy/o2MkvLK6tr2fXcxubW9o65u1eTUSIIrZKIR6LhgaSchbSqmOK0EQsKgcdp3evdjv36MxWSRWFF9WPaCqATsjYjoDRyzWsHeNwF976gjk+w85SAj1P0sIhu/iDiVvTt1HbNvFW0JoUXhZ2KPEqr7Jojx49IEtBQEQ5SNm0rVq0BCMUIp8Ock0gaA+lBhw4mAYf4SCMftyOhT6jwhM70QSBlP/B0ZwCqK+e9MfzPayaqfdkasDBOFA3J9KF2wrGK8Hhb2GeCEsX7WgARTP8Qky4IIErvNKej2/NBF0XtrGhr/XieL12lS8iiA3SICshGF6iE7lAZVRFBr+gNfaIv48UYGe/Gx7Q1Y6Qz+2imjJ9fovSf1w==</latexit><latexit sha1_base64="+lCzinNFxmuYQkePT70kp1+0qC4=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKmiZEUHBTdWNIEKF3qBThjOZtA3NXEwyQil9GTe+SjcibhR9GtN2Frb1QODP959D8h8v5kwqy/o2MkvLK6tr2fXcxubW9o65u1eTUSIIrZKIR6LhgaSchbSqmOK0EQsKgcdp3evdjv36MxWSRWFF9WPaCqATsjYjoDRyzWsHeNwF976gjk+w85SAj1P0sIhu/iDiVvTt1HbNvFW0JoUXhZ2KPEqr7Jojx49IEtBQEQ5SNm0rVq0BCMUIp8Ock0gaA+lBhw4mAYf4SCMftyOhT6jwhM70QSBlP/B0ZwCqK+e9MfzPayaqfdkasDBOFA3J9KF2wrGK8Hhb2GeCEsX7WgARTP8Qky4IIErvNKej2/NBF0XtrGhr/XieL12lS8iiA3SICshGF6iE7lAZVRFBr+gNfaIv48UYGe/Gx7Q1Y6Qz+2imjJ9fovSf1w==</latexit><latexit sha1_base64="+lCzinNFxmuYQkePT70kp1+0qC4=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKmiZEUHBTdWNIEKF3qBThjOZtA3NXEwyQil9GTe+SjcibhR9GtN2Frb1QODP959D8h8v5kwqy/o2MkvLK6tr2fXcxubW9o65u1eTUSIIrZKIR6LhgaSchbSqmOK0EQsKgcdp3evdjv36MxWSRWFF9WPaCqATsjYjoDRyzWsHeNwF976gjk+w85SAj1P0sIhu/iDiVvTt1HbNvFW0JoUXhZ2KPEqr7Jojx49IEtBQEQ5SNm0rVq0BCMUIp8Ock0gaA+lBhw4mAYf4SCMftyOhT6jwhM70QSBlP/B0ZwCqK+e9MfzPayaqfdkasDBOFA3J9KF2wrGK8Hhb2GeCEsX7WgARTP8Qky4IIErvNKej2/NBF0XtrGhr/XieL12lS8iiA3SICshGF6iE7lAZVRFBr+gNfaIv48UYGe/Gx7Q1Y6Qz+2imjJ9fovSf1w==</latexit><latexit sha1_base64="+lCzinNFxmuYQkePT70kp1+0qC4=">AAACIHicbZDLSgMxFIYz9VbrbdSlm2ARKmiZEUHBTdWNIEKF3qBThjOZtA3NXEwyQil9GTe+SjcibhR9GtN2Frb1QODP959D8h8v5kwqy/o2MkvLK6tr2fXcxubW9o65u1eTUSIIrZKIR6LhgaSchbSqmOK0EQsKgcdp3evdjv36MxWSRWFF9WPaCqATsjYjoDRyzWsHeNwF976gjk+w85SAj1P0sIhu/iDiVvTt1HbNvFW0JoUXhZ2KPEqr7Jojx49IEtBQEQ5SNm0rVq0BCMUIp8Ock0gaA+lBhw4mAYf4SCMftyOhT6jwhM70QSBlP/B0ZwCqK+e9MfzPayaqfdkasDBOFA3J9KF2wrGK8Hhb2GeCEsX7WgARTP8Qky4IIErvNKej2/NBF0XtrGhr/XieL12lS8iiA3SICshGF6iE7lAZVRFBr+gNfaIv48UYGe/Gx7Q1Y6Qz+2imjJ9fovSf1w==</latexit>

|↵i| . 0.01÷ 0.1
<latexit sha1_base64="AIl4uSrrSInrv6Ceua30FbIWgFA=">AAACA3icbZBLSwMxFIXv1Fetr1GXboJVcFVmRFBwU3DjsoJ9QFuGTOZOG5p5kGQKpXbpxr/iRsSNgnv/gv/GtJ1NWy8EPs45ITnXTwVX2nF+rcLa+sbmVnG7tLO7t39gHx41VJJJhnWWiES2fKpQ8BjrmmuBrVQijXyBTX9wN/WbQ5SKJ/GjHqXYjWgv5iFnVBvJs8+eSIeKtE89TgwKVErxiDgVxyWdgA8NucSzy0aYDVkFN4cy5FPz7J9OkLAswlgzQZVqu06qu2MqNWcCJ6VOpjClbEB7OJ51mJBzIwUkTKQ5sSYzdSFHI6VGkW+SEdV9texNxf+8dqbDm+6Yx2mmMWbzh8JMEJ2Q6UJIwCUyLUYGKJPc/JCwPpWUabO2kqnuLhddhcZlxTX8cFWu3uZLKMIJnMIFuHANVbiHGtSBwQu8wSd8Wc/Wq/VufcyjBSu/cwwLY33/ATbzlQI=</latexit><latexit sha1_base64="AIl4uSrrSInrv6Ceua30FbIWgFA=">AAACA3icbZBLSwMxFIXv1Fetr1GXboJVcFVmRFBwU3DjsoJ9QFuGTOZOG5p5kGQKpXbpxr/iRsSNgnv/gv/GtJ1NWy8EPs45ITnXTwVX2nF+rcLa+sbmVnG7tLO7t39gHx41VJJJhnWWiES2fKpQ8BjrmmuBrVQijXyBTX9wN/WbQ5SKJ/GjHqXYjWgv5iFnVBvJs8+eSIeKtE89TgwKVErxiDgVxyWdgA8NucSzy0aYDVkFN4cy5FPz7J9OkLAswlgzQZVqu06qu2MqNWcCJ6VOpjClbEB7OJ51mJBzIwUkTKQ5sSYzdSFHI6VGkW+SEdV9texNxf+8dqbDm+6Yx2mmMWbzh8JMEJ2Q6UJIwCUyLUYGKJPc/JCwPpWUabO2kqnuLhddhcZlxTX8cFWu3uZLKMIJnMIFuHANVbiHGtSBwQu8wSd8Wc/Wq/VufcyjBSu/cwwLY33/ATbzlQI=</latexit><latexit sha1_base64="AIl4uSrrSInrv6Ceua30FbIWgFA=">AAACA3icbZBLSwMxFIXv1Fetr1GXboJVcFVmRFBwU3DjsoJ9QFuGTOZOG5p5kGQKpXbpxr/iRsSNgnv/gv/GtJ1NWy8EPs45ITnXTwVX2nF+rcLa+sbmVnG7tLO7t39gHx41VJJJhnWWiES2fKpQ8BjrmmuBrVQijXyBTX9wN/WbQ5SKJ/GjHqXYjWgv5iFnVBvJs8+eSIeKtE89TgwKVErxiDgVxyWdgA8NucSzy0aYDVkFN4cy5FPz7J9OkLAswlgzQZVqu06qu2MqNWcCJ6VOpjClbEB7OJ51mJBzIwUkTKQ5sSYzdSFHI6VGkW+SEdV9texNxf+8dqbDm+6Yx2mmMWbzh8JMEJ2Q6UJIwCUyLUYGKJPc/JCwPpWUabO2kqnuLhddhcZlxTX8cFWu3uZLKMIJnMIFuHANVbiHGtSBwQu8wSd8Wc/Wq/VufcyjBSu/cwwLY33/ATbzlQI=</latexit><latexit sha1_base64="AIl4uSrrSInrv6Ceua30FbIWgFA=">AAACA3icbZBLSwMxFIXv1Fetr1GXboJVcFVmRFBwU3DjsoJ9QFuGTOZOG5p5kGQKpXbpxr/iRsSNgnv/gv/GtJ1NWy8EPs45ITnXTwVX2nF+rcLa+sbmVnG7tLO7t39gHx41VJJJhnWWiES2fKpQ8BjrmmuBrVQijXyBTX9wN/WbQ5SKJ/GjHqXYjWgv5iFnVBvJs8+eSIeKtE89TgwKVErxiDgVxyWdgA8NucSzy0aYDVkFN4cy5FPz7J9OkLAswlgzQZVqu06qu2MqNWcCJ6VOpjClbEB7OJ51mJBzIwUkTKQ5sSYzdSFHI6VGkW+SEdV9texNxf+8dqbDm+6Yx2mmMWbzh8JMEJ2Q6UJIwCUyLUYGKJPc/JCwPpWUabO2kqnuLhddhcZlxTX8cFWu3uZLKMIJnMIFuHANVbiHGtSBwQu8wSd8Wc/Wq/VufcyjBSu/cwwLY33/ATbzlQI=</latexit>

EFT of Dark Energy



GW propagation

GW propagation in FLRW

�̈ij + 3H �̇ij + k
2
�ij = 0

<latexit sha1_base64="Wv93t+/56MHr/KJbUQZJQhwjavg=">AAACJHicbVDLSgMxFM3UV62vUZduLhZBEMpMFRREKIjQZQX7gE4tmUymjc08SDJCGeZ33PgjLtyIuFDBbzF9bPq4EDicc3KTc9yYM6ks69vIrayurW/kNwtb2zu7e+b+QUNGiSC0TiIeiZaLJeUspHXFFKetWFAcuJw23cHtSG8+UyFZFD6oYUw7Ae6FzGcEK011zTvH8yIFTg8HAe6m7CmDM4BzqAKAs0RJB4/lDGbYG7C6ZtEqWeOBRWBPQRFNp9Y13/RykgQ0VIRjKdu2FatOioVihNOs4CSSxpgMcI+m45AZnGjKAz8S+oQKxuyMDwdSDgNXOwOs+nJeG5HLtHai/KtOysI4UTQkk4f8hIOKYNQYeExQovhQA0wE0z8E0scCE6V7Lejo9nzQRdAol2yN7y+KletpCXl0hI7RKbLRJaqgKqqhOiLoFX2gH/RrvBjvxqfxNbHmjOmdQzQzxt8/s0Whdw==</latexit><latexit sha1_base64="Wv93t+/56MHr/KJbUQZJQhwjavg=">AAACJHicbVDLSgMxFM3UV62vUZduLhZBEMpMFRREKIjQZQX7gE4tmUymjc08SDJCGeZ33PgjLtyIuFDBbzF9bPq4EDicc3KTc9yYM6ks69vIrayurW/kNwtb2zu7e+b+QUNGiSC0TiIeiZaLJeUspHXFFKetWFAcuJw23cHtSG8+UyFZFD6oYUw7Ae6FzGcEK011zTvH8yIFTg8HAe6m7CmDM4BzqAKAs0RJB4/lDGbYG7C6ZtEqWeOBRWBPQRFNp9Y13/RykgQ0VIRjKdu2FatOioVihNOs4CSSxpgMcI+m45AZnGjKAz8S+oQKxuyMDwdSDgNXOwOs+nJeG5HLtHai/KtOysI4UTQkk4f8hIOKYNQYeExQovhQA0wE0z8E0scCE6V7Lejo9nzQRdAol2yN7y+KletpCXl0hI7RKbLRJaqgKqqhOiLoFX2gH/RrvBjvxqfxNbHmjOmdQzQzxt8/s0Whdw==</latexit><latexit sha1_base64="Wv93t+/56MHr/KJbUQZJQhwjavg=">AAACJHicbVDLSgMxFM3UV62vUZduLhZBEMpMFRREKIjQZQX7gE4tmUymjc08SDJCGeZ33PgjLtyIuFDBbzF9bPq4EDicc3KTc9yYM6ks69vIrayurW/kNwtb2zu7e+b+QUNGiSC0TiIeiZaLJeUspHXFFKetWFAcuJw23cHtSG8+UyFZFD6oYUw7Ae6FzGcEK011zTvH8yIFTg8HAe6m7CmDM4BzqAKAs0RJB4/lDGbYG7C6ZtEqWeOBRWBPQRFNp9Y13/RykgQ0VIRjKdu2FatOioVihNOs4CSSxpgMcI+m45AZnGjKAz8S+oQKxuyMDwdSDgNXOwOs+nJeG5HLtHai/KtOysI4UTQkk4f8hIOKYNQYeExQovhQA0wE0z8E0scCE6V7Lejo9nzQRdAol2yN7y+KletpCXl0hI7RKbLRJaqgKqqhOiLoFX2gH/RrvBjvxqfxNbHmjOmdQzQzxt8/s0Whdw==</latexit><latexit sha1_base64="Wv93t+/56MHr/KJbUQZJQhwjavg=">AAACJHicbVDLSgMxFM3UV62vUZduLhZBEMpMFRREKIjQZQX7gE4tmUymjc08SDJCGeZ33PgjLtyIuFDBbzF9bPq4EDicc3KTc9yYM6ks69vIrayurW/kNwtb2zu7e+b+QUNGiSC0TiIeiZaLJeUspHXFFKetWFAcuJw23cHtSG8+UyFZFD6oYUw7Ae6FzGcEK011zTvH8yIFTg8HAe6m7CmDM4BzqAKAs0RJB4/lDGbYG7C6ZtEqWeOBRWBPQRFNp9Y13/RykgQ0VIRjKdu2FatOioVihNOs4CSSxpgMcI+m45AZnGjKAz8S+oQKxuyMDwdSDgNXOwOs+nJeG5HLtHai/KtOysI4UTQkk4f8hIOKYNQYeExQovhQA0wE0z8E0scCE6V7Lejo9nzQRdAol2yN7y+KletpCXl0hI7RKbLRJaqgKqqhOiLoFX2gH/RrvBjvxqfxNbHmjOmdQzQzxt8/s0Whdw==</latexit>

ds
2 = �dt

2 + a
2(t) [�ij + �ij ] d~x

i
d~x

j
, �ii = 0 = @i�ij , H = ȧ/a

<latexit sha1_base64="8xeuSB8jBEcrhQcfZJJXieKU5pg="></latexit><latexit sha1_base64="8xeuSB8jBEcrhQcfZJJXieKU5pg="></latexit><latexit sha1_base64="8xeuSB8jBEcrhQcfZJJXieKU5pg="></latexit><latexit sha1_base64="8xeuSB8jBEcrhQcfZJJXieKU5pg="></latexit>



GW propagation

Lorentz breaking acts like a medium: gravitons are absorbed and dispersed.

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale

ࠅ

• GW170817: 

|↵M | < 0.03÷ 0.1
<latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit>

|cT � 1| < 10�15
<latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit>

• LISA: 

µ = µ(↵M , c2T , . . .) , ⌃ = ⌃(↵M , c2T , . . .)
<latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit>

�̈ij +H(3 + ↵M )�̇ij + c
2
T k

2
�ij = 0

<latexit sha1_base64="Ci/gJ+yhbAXz6JY6TZwGZckVuuk="></latexit><latexit sha1_base64="Ci/gJ+yhbAXz6JY6TZwGZckVuuk="></latexit><latexit sha1_base64="Ci/gJ+yhbAXz6JY6TZwGZckVuuk="></latexit><latexit sha1_base64="Ci/gJ+yhbAXz6JY6TZwGZckVuuk="></latexit>

�cT ⇠ (⇤3/⇤2)
4 ⇠ 10�40 ⌧ 10�15

<latexit sha1_base64="wiNvYGgGO6OKCrJ5mtd14yGGrlo=">AAACIXicbVBLSwMxGMzWV62vVY9egkWoB+turSh4KXrx4KFCX9Btl2w2bUOzD5KsUJb9NV78KXoR8aLinzHtrodWBwKTme8jmXFCRoU0jC8tt7S8srqWXy9sbG5t7+i7ey0RRByTJg5YwDsOEoRRnzQllYx0Qk6Q5zDSdsY3U7/9QLiggd+Qk5D0PDT06YBiJJVk69eWS5hEENsNaAnqwZJ1p7ZdZJ+d/rLKcb+amqbRj0+qRgItxtKLeZ7YetEoGzPAv8TMSBFkqNv6s+UGOPKILzFDQnRNI5S9GHFJMSNJwYoECREeoyGJZwkTeKQkFw4Cro4v4Uydm0OeEBPPUZMekiOx6E3F/7xuJAeXvZj6YSSJj9OHBhGDMoDTuqBLOcGSTRRBmFP1Q4hHiCMsVakFFd1cDPqXtCplU/H7arF2lZWQBwfgEJSACS5ADdyCOmgCDJ7AK/gAn9qj9qK9ae/paE7LdvbBHLTvH6Awn74=</latexit><latexit sha1_base64="wiNvYGgGO6OKCrJ5mtd14yGGrlo=">AAACIXicbVBLSwMxGMzWV62vVY9egkWoB+turSh4KXrx4KFCX9Btl2w2bUOzD5KsUJb9NV78KXoR8aLinzHtrodWBwKTme8jmXFCRoU0jC8tt7S8srqWXy9sbG5t7+i7ey0RRByTJg5YwDsOEoRRnzQllYx0Qk6Q5zDSdsY3U7/9QLiggd+Qk5D0PDT06YBiJJVk69eWS5hEENsNaAnqwZJ1p7ZdZJ+d/rLKcb+amqbRj0+qRgItxtKLeZ7YetEoGzPAv8TMSBFkqNv6s+UGOPKILzFDQnRNI5S9GHFJMSNJwYoECREeoyGJZwkTeKQkFw4Cro4v4Uydm0OeEBPPUZMekiOx6E3F/7xuJAeXvZj6YSSJj9OHBhGDMoDTuqBLOcGSTRRBmFP1Q4hHiCMsVakFFd1cDPqXtCplU/H7arF2lZWQBwfgEJSACS5ADdyCOmgCDJ7AK/gAn9qj9qK9ae/paE7LdvbBHLTvH6Awn74=</latexit><latexit sha1_base64="wiNvYGgGO6OKCrJ5mtd14yGGrlo=">AAACIXicbVBLSwMxGMzWV62vVY9egkWoB+turSh4KXrx4KFCX9Btl2w2bUOzD5KsUJb9NV78KXoR8aLinzHtrodWBwKTme8jmXFCRoU0jC8tt7S8srqWXy9sbG5t7+i7ey0RRByTJg5YwDsOEoRRnzQllYx0Qk6Q5zDSdsY3U7/9QLiggd+Qk5D0PDT06YBiJJVk69eWS5hEENsNaAnqwZJ1p7ZdZJ+d/rLKcb+amqbRj0+qRgItxtKLeZ7YetEoGzPAv8TMSBFkqNv6s+UGOPKILzFDQnRNI5S9GHFJMSNJwYoECREeoyGJZwkTeKQkFw4Cro4v4Uydm0OeEBPPUZMekiOx6E3F/7xuJAeXvZj6YSSJj9OHBhGDMoDTuqBLOcGSTRRBmFP1Q4hHiCMsVakFFd1cDPqXtCplU/H7arF2lZWQBwfgEJSACS5ADdyCOmgCDJ7AK/gAn9qj9qK9ae/paE7LdvbBHLTvH6Awn74=</latexit><latexit sha1_base64="wiNvYGgGO6OKCrJ5mtd14yGGrlo=">AAACIXicbVBLSwMxGMzWV62vVY9egkWoB+turSh4KXrx4KFCX9Btl2w2bUOzD5KsUJb9NV78KXoR8aLinzHtrodWBwKTme8jmXFCRoU0jC8tt7S8srqWXy9sbG5t7+i7ey0RRByTJg5YwDsOEoRRnzQllYx0Qk6Q5zDSdsY3U7/9QLiggd+Qk5D0PDT06YBiJJVk69eWS5hEENsNaAnqwZJ1p7ZdZJ+d/rLKcb+amqbRj0+qRgItxtKLeZ7YetEoGzPAv8TMSBFkqNv6s+UGOPKILzFDQnRNI5S9GHFJMSNJwYoECREeoyGJZwkTeKQkFw4Cro4v4Uydm0OeEBPPUZMekiOx6E3F/7xuJAeXvZj6YSSJj9OHBhGDMoDTuqBLOcGSTRRBmFP1Q4hHiCMsVakFFd1cDPqXtCplU/H7arF2lZWQBwfgEJSACS5ADdyCOmgCDJ7AK/gAn9qj9qK9ae/paE7LdvbBHLTvH6Awn74=</latexit>

tuning is stable!
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↵H(t)
<latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit><latexit sha1_base64="bFxSRWpPeHdEZHQRPi64/rKKveA=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBHqpsyIoOCm4KbLCvYBbSmZNNPGZpIhuSOU0n9wI+JGwa/xF/wb03Y2bT0QOJxzwr3nhokUFn3/19vY3Nre2c3t5fcPDo+OCyenDatTw3idaalNK6SWS6F4HQVK3koMp3EoeTMcPcz85gs3Vmj1hOOEd2M6UCISjKKT2h0qkyHtVUt41SsU/bI/B1knQUaKkKHWK/x0+pqlMVfIJLW2HfgJdifUoGCST/Od1PKEshEd8Ml80Sm5dFKfRNq4p5DM1aUcja0dx6FLxhSHdtWbif957RSju+5EqCRFrthiUJRKgprMWpO+MJyhHDtCmRFuQ8KG1FCG7jZ5Vz1YLbpOGtflwC8HjzfFyn12hBycwwWUIIBbqEAValAHBhre4BO+vGfv1Xv3PhbRDS/7cwZL8L7/AExKjFo=</latexit>

�1(t)
<latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit><latexit sha1_base64="d2hQblT7l0OXK25tEO151xSfRrg=">AAAB53icbVDLSgMxFL1TX7W+qi7dBItQN2VGBAU3BTcuK9gHtqVk0kwbmkmG5I5QSr/BjYgbBf/GX/BvTNvZtPVA4HDOCfeeGyZSWPT9Xy+3sbm1vZPfLeztHxweFY9PGlanhvE601KbVkgtl0LxOgqUvJUYTuNQ8mY4up/5zRdurNDqCccJ78Z0oEQkGEUnPXdCjrQXlPGyVyz5FX8Osk6CjJQgQ61X/On0NUtjrpBJam078BPsTqhBwSSfFjqp5QllIzrgk/meU3LhpD6JtHFPIZmrSzkaWzuOQ5eMKQ7tqjcT//PaKUa33YlQSYpcscWgKJUENZmVJn1hOEM5doQyI9yGhA2poQzdaQquerBadJ00riqBXwker0vVu+wIeTiDcyhDADdQhQeoQR0YKHiDT/jyhPfqvXsfi2jOy/6cwhK87z9kdovP</latexit>

GW constraints

Linear and nonlinear (quasi-
static limit) functions for cT=1:

↵K(t) , ↵M (t) , ↵B(t)
<latexit sha1_base64="F7VUEFfuHJx+qLh7QX9oEjcPdjE=">AAACDHicbZDLSgMxFIbP1Futt1GXboJFqKBlRgSFbopuBBEq2At0SsmkaRuauZCcEUrpK7jxVdyIuFEQX8G3MW1n0+oPgZ/vnJD8vx9LodFxfqzM0vLK6lp2PbexubW9Y+/u1XSUKMarLJKRavhUcylCXkWBkjdixWngS173B9eTef2RKy2i8AGHMW8FtBeKrmAUDWrbpx6VcZ+2bwt47JVOiEdScLcIrgxo23mn6ExF/ho3NXlIVWnb314nYknAQ2SSat10nRhbI6pQMMnHOS/RPKZsQHt8NA0zJkcGdUg3UuaESKZ0bo8GWg8D32wGFPt6cTaB/82aCXYvWyMRxgnykM0e6iaSYEQmzZCOUJyhHBpDmRLmh4T1qaIMTX85E91dDPrX1M6KrlN078/z5VJaQhYO4BAK4MIFlOEGKlAFBs/wCh/waT1ZL9ab9T5bzVjpnX2Yk/X1Cyk7mDs=</latexit><latexit sha1_base64="F7VUEFfuHJx+qLh7QX9oEjcPdjE=">AAACDHicbZDLSgMxFIbP1Futt1GXboJFqKBlRgSFbopuBBEq2At0SsmkaRuauZCcEUrpK7jxVdyIuFEQX8G3MW1n0+oPgZ/vnJD8vx9LodFxfqzM0vLK6lp2PbexubW9Y+/u1XSUKMarLJKRavhUcylCXkWBkjdixWngS173B9eTef2RKy2i8AGHMW8FtBeKrmAUDWrbpx6VcZ+2bwt47JVOiEdScLcIrgxo23mn6ExF/ho3NXlIVWnb314nYknAQ2SSat10nRhbI6pQMMnHOS/RPKZsQHt8NA0zJkcGdUg3UuaESKZ0bo8GWg8D32wGFPt6cTaB/82aCXYvWyMRxgnykM0e6iaSYEQmzZCOUJyhHBpDmRLmh4T1qaIMTX85E91dDPrX1M6KrlN078/z5VJaQhYO4BAK4MIFlOEGKlAFBs/wCh/waT1ZL9ab9T5bzVjpnX2Yk/X1Cyk7mDs=</latexit><latexit sha1_base64="F7VUEFfuHJx+qLh7QX9oEjcPdjE=">AAACDHicbZDLSgMxFIbP1Futt1GXboJFqKBlRgSFbopuBBEq2At0SsmkaRuauZCcEUrpK7jxVdyIuFEQX8G3MW1n0+oPgZ/vnJD8vx9LodFxfqzM0vLK6lp2PbexubW9Y+/u1XSUKMarLJKRavhUcylCXkWBkjdixWngS173B9eTef2RKy2i8AGHMW8FtBeKrmAUDWrbpx6VcZ+2bwt47JVOiEdScLcIrgxo23mn6ExF/ho3NXlIVWnb314nYknAQ2SSat10nRhbI6pQMMnHOS/RPKZsQHt8NA0zJkcGdUg3UuaESKZ0bo8GWg8D32wGFPt6cTaB/82aCXYvWyMRxgnykM0e6iaSYEQmzZCOUJyhHBpDmRLmh4T1qaIMTX85E91dDPrX1M6KrlN078/z5VJaQhYO4BAK4MIFlOEGKlAFBs/wCh/waT1ZL9ab9T5bzVjpnX2Yk/X1Cyk7mDs=</latexit><latexit sha1_base64="F7VUEFfuHJx+qLh7QX9oEjcPdjE=">AAACDHicbZDLSgMxFIbP1Futt1GXboJFqKBlRgSFbopuBBEq2At0SsmkaRuauZCcEUrpK7jxVdyIuFEQX8G3MW1n0+oPgZ/vnJD8vx9LodFxfqzM0vLK6lp2PbexubW9Y+/u1XSUKMarLJKRavhUcylCXkWBkjdixWngS173B9eTef2RKy2i8AGHMW8FtBeKrmAUDWrbpx6VcZ+2bwt47JVOiEdScLcIrgxo23mn6ExF/ho3NXlIVWnb314nYknAQ2SSat10nRhbI6pQMMnHOS/RPKZsQHt8NA0zJkcGdUg3UuaESKZ0bo8GWg8D32wGFPt6cTaB/82aCXYvWyMRxgnykM0e6iaSYEQmzZCOUJyhHBpDmRLmh4T1qaIMTX85E91dDPrX1M6KrlN078/z5VJaQhYO4BAK4MIFlOEGKlAFBs/wCh/waT1ZL9ab9T5bzVjpnX2Yk/X1Cyk7mDs=</latexit>

L = f(�)R+G2(�, X) +G3(�, X)⇤�
<latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit>

↵V1 = ↵V2 = ↵V3 = 0
<latexit sha1_base64="V6OrEDATtfpoqMKRsMfRDKe2DXI=">AAACFXicbZBLSwMxFIXv+Kz1VXXpJlgEV2WmigoiFNy4rGAf0ClDJs20oZkHyR2hDP0dbvwrbkREUHDtvzFtZ9PWC4HDd05IzvUTKTTa9q+1srq2vrFZ2Cpu7+zu7ZcODps6ThXjDRbLWLV9qrkUEW+gQMnbieI09CVv+cO7id964kqLOHrEUcK7Ie1HIhCMokFe6dKlMhlQL3NVSJrOmNySOVJdIueG2F6pbFfs6ZBl4eSiDPnUvdKn24tZGvIImaRadxw7wW5GFQom+bjopponlA1pn2fTVmNyalCPBLEyJ0IypXM5Gmo9Cn2TDCkO9KI3gf95nRSD624moiRFHrHZQ0EqCcZksiLSE4ozlCMjKFPC/JCwAVWUoVlk0VR3Fosui2a14hj9cFGu3eRLKMAxnMAZOHAFNbiHOjSAwQu8wRd8W8/Wq/VufcyiK1Z+5wjmxvr5A2OcnMY=</latexit><latexit sha1_base64="V6OrEDATtfpoqMKRsMfRDKe2DXI=">AAACFXicbZBLSwMxFIXv+Kz1VXXpJlgEV2WmigoiFNy4rGAf0ClDJs20oZkHyR2hDP0dbvwrbkREUHDtvzFtZ9PWC4HDd05IzvUTKTTa9q+1srq2vrFZ2Cpu7+zu7ZcODps6ThXjDRbLWLV9qrkUEW+gQMnbieI09CVv+cO7id964kqLOHrEUcK7Ie1HIhCMokFe6dKlMhlQL3NVSJrOmNySOVJdIueG2F6pbFfs6ZBl4eSiDPnUvdKn24tZGvIImaRadxw7wW5GFQom+bjopponlA1pn2fTVmNyalCPBLEyJ0IypXM5Gmo9Cn2TDCkO9KI3gf95nRSD624moiRFHrHZQ0EqCcZksiLSE4ozlCMjKFPC/JCwAVWUoVlk0VR3Fosui2a14hj9cFGu3eRLKMAxnMAZOHAFNbiHOjSAwQu8wRd8W8/Wq/VufcyiK1Z+5wjmxvr5A2OcnMY=</latexit><latexit sha1_base64="V6OrEDATtfpoqMKRsMfRDKe2DXI=">AAACFXicbZBLSwMxFIXv+Kz1VXXpJlgEV2WmigoiFNy4rGAf0ClDJs20oZkHyR2hDP0dbvwrbkREUHDtvzFtZ9PWC4HDd05IzvUTKTTa9q+1srq2vrFZ2Cpu7+zu7ZcODps6ThXjDRbLWLV9qrkUEW+gQMnbieI09CVv+cO7id964kqLOHrEUcK7Ie1HIhCMokFe6dKlMhlQL3NVSJrOmNySOVJdIueG2F6pbFfs6ZBl4eSiDPnUvdKn24tZGvIImaRadxw7wW5GFQom+bjopponlA1pn2fTVmNyalCPBLEyJ0IypXM5Gmo9Cn2TDCkO9KI3gf95nRSD624moiRFHrHZQ0EqCcZksiLSE4ozlCMjKFPC/JCwAVWUoVlk0VR3Fosui2a14hj9cFGu3eRLKMAxnMAZOHAFNbiHOjSAwQu8wRd8W8/Wq/VufcyiK1Z+5wjmxvr5A2OcnMY=</latexit><latexit sha1_base64="V6OrEDATtfpoqMKRsMfRDKe2DXI=">AAACFXicbZBLSwMxFIXv+Kz1VXXpJlgEV2WmigoiFNy4rGAf0ClDJs20oZkHyR2hDP0dbvwrbkREUHDtvzFtZ9PWC4HDd05IzvUTKTTa9q+1srq2vrFZ2Cpu7+zu7ZcODps6ThXjDRbLWLV9qrkUEW+gQMnbieI09CVv+cO7id964kqLOHrEUcK7Ie1HIhCMokFe6dKlMhlQL3NVSJrOmNySOVJdIueG2F6pbFfs6ZBl4eSiDPnUvdKn24tZGvIImaRadxw7wW5GFQom+bjopponlA1pn2fTVmNyalCPBLEyJ0IypXM5Gmo9Cn2TDCkO9KI3gf95nRSD624moiRFHrHZQ0EqCcZksiLSE4ozlCMjKFPC/JCwAVWUoVlk0VR3Fosui2a14hj9cFGu3eRLKMAxnMAZOHAFNbiHOjSAwQu8wRd8W8/Wq/VufcyiK1Z+5wjmxvr5A2OcnMY=</latexit>



�̈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>

GW propagation

Lorentz breaking acts like a medium: gravitons are absorbed and dispersed.

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV
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The decay of GW 

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

⇤3
⇤
�̈
(c)
ij @i⇡

(c)
@j⇡

(c)
, (34)

with

⇤3

⇤ ⌘ MPl

3m6

3
+ 4M2

Pl
(c+ 2m4

2
)

2
p
2 m̃2

4
(M2

Pl
+ 2m̃2

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

��!⇡⇡ =
1

2
⇥

1

2Ep

Z
d3k1

(2⇡)32Ek1

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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Cubic interactions between GW and scalar fluctuations                      : decay of GWs for cs < 1 
(cs = sound speed of ! fluctuations)

In the following we adopt dimensional regularization in d ⌘ 4�" dimensions and we work at lowest
order in the coupling m̃

2

4
. Then, at 1-loop, the only diagram contributing to the graviton propagator

we need to evaluate is

mn = i⇧ijmn(p)
M

2

Pl

2
K̇ij(p)K̇mn(�p) . (49)

Indeed, tadpole diagrams with virtual massless fields vanish in dimensional regularization since they
do not contribute to logarithmic divergences. To maintain the correct dimensions, the scale ⇤⇤ is
replaced by ⇤⇤d = ⇤⇤ µ

�"/6, where µ is an arbitrary energy scale.2 Additionally, the propagator for ⇡
is

q =
�i

�q
2

0
+ c2sq

2 � i✏
=

�i

q̄2 � i✏
, (50)

where in the last equality we have defined

q̄
µ
⌘ (q0, csq) . (51)

At this point we are ready to evaluate the amplitude of the diagram (49) as:

i⇧ijmn(p) =
1

2
⇥

✓
�4i

⇤3

⇤d

◆
2 Z ddq

(2⇡)d
�i

q̄2 � i✏

�i

(q̄ � p̄)2 � i✏

1

4
[qi(q � p)j + qj(q � p)i]⇥

⇥ [qm(q � p)n + qn(q � p)m]

(52)

One can now insert a Feynman parameter x and change the variable of integration to k ⌘ q̄ � p̄x.
Notice that terms with powers of p in the numerator are not relevant for gravitational waves and can
be disregarded as they would generate operators containing @iKij that vanish for transverse-traceless
perturbations. The same also holds for terms proportional to the trace of the extrinsic curvature.
Using the su�x (TT) to denote that we restrict to these terms, one gets

i⇧(TT)

ijmn(p) =
8µ"

⇤6
⇤c

d+3
s

Z
1

0

dx

Z
ddk

(2⇡)d
kikjkmkn

[k2 + p̄2x(1� x)� i✏]2
. (53)

Due to the rotational symmetry of the integral over k in (53), we can use

kikjkmkn =
k4

d2 � 1
(�im�jn + �in�jm + �ij�mn) , (54)

where the last term in the parenthesis can be dropped, since it yields a term proportional to the trace
of the extrinsic curvature.

After these steps, we define � ⌘ p̄
2
x(1�x)� i✏ and we compute the integral in eq. (53) using that

k4 = (k2 � k
2

0
)2 and

Z
ddk

(2⇡)d
(k2 � k

2

0
)2

(k2 +�)2
= I


1 +

⌦d�1

⌦d

Z ⇡

0

(cos4 �� 2 cos2 �) sind�2
�d�

�
= I

d
2
� 1

d(d+ 2)
, (55)

where I and ⌦d, the area of the (d� 1)-sphere, are given by

I ⌘
i

(4⇡)d/2
d(d+ 2)

4

�(�d/2)

��d/2
, ⌦d ⌘

2⇡d/2

�(d/2)
. (56)

2Note that in d spacetime dimensions �(c)
ij and ⇡(c) have dimension d/2� 1.
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Graviton self-energy (valid also for cs > 1):

! = k2 �
✓
↵H + 2�1

⇤3
3

◆2 k8(1� c2
s
)2

⇡c7
s

log

✓
(c2

s
� 1)

k2

µ2

◆
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�(k)!(k) = Im [f(k)]
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Optical theorem:



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

2 + f(k)
⇤
�ij = 0
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GW propagation

Lorentz breaking acts like a medium: gravitons are absorbed and dispersed.

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale

ࠅ

• GW170817: 

•  

|↵M | < 0.03÷ 0.1
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• LISA: 

|cT � 1| < 10�15
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µ = µ(↵M , c2T , . . .) , ⌃ = ⌃(↵M , c2T , . . .)
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Linear and nonlinear (quasi-
static limit) functions for cT=1:

↵K(t) , ↵M (t) , ↵B(t)
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↵H(t) = �2�1(t)
<latexit sha1_base64="06rfSNO6X6vbhGE7XONH73m5Geo=">AAAB+3icbVDJSgNBFHzjGuM26lEPjUGIB8NMEBRECHjJMYJZIBOGnk5P0qRnofuNEEIu/ooXES8K/oO/4N/YWS5JLGgoqqp571WQSqHRcX6ttfWNza3t3E5+d2//4NA+Om7oJFOM11kiE9UKqOZSxLyOAiVvpYrTKJC8GQweJn7zmSstkvgJhynvRLQXi1Awikby7TOPyrRP/WoRL8k9uSJl4gUcqe8awbcLTsmZgqwSd04KMEfNt3+8bsKyiMfIJNW67TopdkZUoWCSj/NepnlK2YD2+Gi6+5hcGKlLwkSZFyOZqgs5Gmk9jAKTjCj29bI3Ef/z2hmGt52RiNMMecxmg8JMEkzIpAjSFYozlENDKFPCbEhYnyrK0NSVN6e7y4eukka55Dol9/G6ULmbl5CDUziHIrhwAxWoQg3qwOAF3uATvqyx9Wq9Wx+z6Jo1/3MCC7C+/wAciZGe</latexit><latexit sha1_base64="06rfSNO6X6vbhGE7XONH73m5Geo=">AAAB+3icbVDJSgNBFHzjGuM26lEPjUGIB8NMEBRECHjJMYJZIBOGnk5P0qRnofuNEEIu/ooXES8K/oO/4N/YWS5JLGgoqqp571WQSqHRcX6ttfWNza3t3E5+d2//4NA+Om7oJFOM11kiE9UKqOZSxLyOAiVvpYrTKJC8GQweJn7zmSstkvgJhynvRLQXi1Awikby7TOPyrRP/WoRL8k9uSJl4gUcqe8awbcLTsmZgqwSd04KMEfNt3+8bsKyiMfIJNW67TopdkZUoWCSj/NepnlK2YD2+Gi6+5hcGKlLwkSZFyOZqgs5Gmk9jAKTjCj29bI3Ef/z2hmGt52RiNMMecxmg8JMEkzIpAjSFYozlENDKFPCbEhYnyrK0NSVN6e7y4eukka55Dol9/G6ULmbl5CDUziHIrhwAxWoQg3qwOAF3uATvqyx9Wq9Wx+z6Jo1/3MCC7C+/wAciZGe</latexit><latexit sha1_base64="06rfSNO6X6vbhGE7XONH73m5Geo=">AAAB+3icbVDJSgNBFHzjGuM26lEPjUGIB8NMEBRECHjJMYJZIBOGnk5P0qRnofuNEEIu/ooXES8K/oO/4N/YWS5JLGgoqqp571WQSqHRcX6ttfWNza3t3E5+d2//4NA+Om7oJFOM11kiE9UKqOZSxLyOAiVvpYrTKJC8GQweJn7zmSstkvgJhynvRLQXi1Awikby7TOPyrRP/WoRL8k9uSJl4gUcqe8awbcLTsmZgqwSd04KMEfNt3+8bsKyiMfIJNW67TopdkZUoWCSj/NepnlK2YD2+Gi6+5hcGKlLwkSZFyOZqgs5Gmk9jAKTjCj29bI3Ef/z2hmGt52RiNMMecxmg8JMEkzIpAjSFYozlENDKFPCbEhYnyrK0NSVN6e7y4eukka55Dol9/G6ULmbl5CDUziHIrhwAxWoQg3qwOAF3uATvqyx9Wq9Wx+z6Jo1/3MCC7C+/wAciZGe</latexit><latexit sha1_base64="06rfSNO6X6vbhGE7XONH73m5Geo=">AAAB+3icbVDJSgNBFHzjGuM26lEPjUGIB8NMEBRECHjJMYJZIBOGnk5P0qRnofuNEEIu/ooXES8K/oO/4N/YWS5JLGgoqqp571WQSqHRcX6ttfWNza3t3E5+d2//4NA+Om7oJFOM11kiE9UKqOZSxLyOAiVvpYrTKJC8GQweJn7zmSstkvgJhynvRLQXi1Awikby7TOPyrRP/WoRL8k9uSJl4gUcqe8awbcLTsmZgqwSd04KMEfNt3+8bsKyiMfIJNW67TopdkZUoWCSj/NepnlK2YD2+Gi6+5hcGKlLwkSZFyOZqgs5Gmk9jAKTjCj29bI3Ef/z2hmGt52RiNMMecxmg8JMEkzIpAjSFYozlENDKFPCbEhYnyrK0NSVN6e7y4eukka55Dol9/G6ULmbl5CDUziHIrhwAxWoQg3qwOAF3uATvqyx9Wq9Wx+z6Jo1/3MCC7C+/wAciZGe</latexit>

No decay

GW constraints

L = f(�)R+G2(�, X) +G3(�, X)⇤�
<latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit><latexit sha1_base64="lcrYQ31aoVmIR8/93yTOswe3P/c=">AAACF3icbVBLS8NAGNzUV62vqEcvi0VoqZSkChZEKHqoBw9V7AOaEjbbTbt082B3I5bQH+LFv+JFpBcFj/4bkzQIbR1YmG/mW3ZnLJ9RITXtR8msrK6tb2Q3c1vbO7t76v5BS3gBx6SJPebxjoUEYdQlTUklIx2fE+RYjLSt0U3st58IF9RzH+XYJz0HDVxqU4xkJJlqNTQwYvBucmUXDH9Ii/ABlupmJRlOO0VYgnXz7G8yrr1nGA/QVPNaWUsAl4mekjxI0TDVqdH3cOAQV2KGhOjqmi97IeKSYkYmOSMQxEd4hAYkTHJN4Ekk9aHt8ei4Eibq3B5yhBg7VrTpIDkUi14s/ud1A2lXeyF1/UASF88esgMGpQfjkmCfcoIlG0cEYU6jH0I8RBxhGVWZi6Lri0GXSatS1rWyfn+er12mJWTBETgGBaCDC1ADt6ABmgCDV/AOPsGX8qK8KR/KdLaaUdI7h2AOyvcvLMqbPw==</latexit>



�̈ij + [(3 + ↵M)H + �(k)] �̇ij +
⇥
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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>

GW propagation

Lorentz breaking acts like a medium: gravitons are absorbed and dispersed.
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ࠅ

• GW170817: 

•  

|↵M | < 0.03÷ 0.1
<latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit><latexit sha1_base64="7mW+1SIo5zxo+gfyt3Ud5ZKZzPY=">AAAB+3icbVDLSgMxFL3js9bXqEtdBIvgqsyooKCLghs3QgX7gE4ZMplMG5p5kGQKZTobf8WNiBsF/8Ff8G9M29m09UDg5JwTcu/xEs6ksqxfY2V1bX1js7RV3t7Z3ds3Dw6bMk4FoQ0S81i0PSwpZxFtKKY4bSeC4tDjtOUN7id+a0iFZHH0rEYJ7Ya4F7GAEay05Jon48zBPOlj9zEfoztkVa1L5PhsqJntmhV9nwItE7sgFShQd80fx49JGtJIEY6l7NhWoroZFooRTvOyk0qaYDLAPZpNZ8/RmZZ8FMRCn0ihqTqXw6GUo9DTyRCrvlz0JuJ/XidVwU03Y1GSKhqR2UdBypGK0aQI5DNBieIjTTARTE+ISB8LTJSuq6xXtxcXXSbNi6qt+dNVpXZblFCCYziFc7DhGmrwAHVoAIEXeINP+DJy49V4Nz5m0RWjeHMEczC+/wDVSJIQ</latexit>

• LISA: 

|cT � 1| < 10�15
<latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit><latexit sha1_base64="GYPoGLxrMEch2rITiwCn+X7LZsM=">AAAB8XicbVDLSgMxFL3js9bXWJdugkVw0zIRRUEXBTcuK/QFbR0yaaYNzTxIMmKZ9kPciLhR8Ef8Bf/GtJ1NWw8EDueccO+5Xiy40o7za62tb2xubed28rt7+weH9lGhoaJEUlankYhkyyOKCR6yuuZasFYsGQk8wZre8H7qN5+ZVDwKa3oUs25A+iH3OSXaSK5dGFO3VsJjdIew85SW8NXEtYtO2ZkBrRKckSJkqLr2T6cX0SRgoaaCKNXGTqy7KZGaU8Em+U6iWEzokPRZOtt4gs6M1EN+JM0LNZqpCzkSKDUKPJMMiB6oZW8q/ue1E+3fdFMexolmIZ0P8hOBdISm9VGPS0a1GBlCqORmQ0QHRBKqzZHypjpeLrpKGhdlbPjjZbFymx0hBydwCueA4Roq8ABVqAOFF3iDT/iylPVqvVsf8+ialf05hgVY33/s/I41</latexit>

dS� ⌧ 1 ) |↵H + 2�1| ⌧ 10�8
<latexit sha1_base64="AjBZadLgy6EM7hjkXVzfUPbHeGk="></latexit><latexit sha1_base64="AjBZadLgy6EM7hjkXVzfUPbHeGk="></latexit><latexit sha1_base64="AjBZadLgy6EM7hjkXVzfUPbHeGk="></latexit><latexit sha1_base64="AjBZadLgy6EM7hjkXVzfUPbHeGk="></latexit>

µ = µ(↵M , c2T , . . .) , ⌃ = ⌃(↵M , c2T , . . .)
<latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit><latexit sha1_base64="ARB5xHuPD3WRMnc8pFQqOri6Ps0="></latexit>

• Can we bypass these constraints? 

• Can we constrain other operators with the 
decay? 



Caveat: Lorentz inv. in the UV
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�
<latexit sha1_base64="y0Ef2KnMnQsT1yYzF1Xnybx9+NU="></latexit><latexit sha1_base64="y0Ef2KnMnQsT1yYzF1Xnybx9+NU="></latexit><latexit sha1_base64="y0Ef2KnMnQsT1yYzF1Xnybx9+NU="></latexit><latexit sha1_base64="y0Ef2KnMnQsT1yYzF1Xnybx9+NU="></latexit>

Lorentz invariance could be recovered in the 
UV, before unitarity cutoff Λ3

M ⌧ ⇤3
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Caveat: Lorentz inv. in the UV
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Lorentz invariance could be recovered in the 
UV, before unitarity cutoff Λ3

Scale of new degrees of freedom M is 
parametrically smaller than Λ3. Naively:

ðƁŒȋŒɫ࢙ʉƟȣɻȴɫ ʉǞƟȴɫǩƟɻ

ࡦ üǞƟ ƁȴɻȝȴȋȴǊǩƁŒȋ ŷŒƁȅǊɫȴʞȣƌ ɻȴȋʞʉǩȴȣ �(i) ɻɠȴȣʉŒȣƟȴʞɻȋˈ ŷɫƟŒȅ
ʉǩȝƟ࢙ʉɫŒȣɻȋŒʉǩȴȣ ǩȣʻŒɫǩŒȣƁƟࡪ ʿǩʉǞ �̇ ⇠ ⇤k

k

Energy

H₀ = 10-³³ eV

Mp = 10²⁷ eV 

Λ₂ = 10-³ eV

Λ₃ = 10-¹² eV

ѡgw = 10-¹³ eV

LSS

Cosmology

LIGO/Virgo
UV cutoff

Lorentz breaking scale

ࠅ

M = 10-20 eV

M ⌧ ⇤3
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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?



Thomas P. Sotiriou 

Part 1: Lorentz violations 
Part 2: Alternative theories as strong 

field parametrizations



Motivation for LV

Test Lorentz symmetry!

Thomas P. Sotiriou - GGI, November 12th 2018



Theories

Einstein-aether theory

T. Jacobson and D. Mattingly, PRD 64, 024028 (2001).

Thomas P. Sotiriou - GGI, November 12th 2018

Field content: metric       , aether       (preferred ‘threading’)  
Dispersion: Linear 
UV completion: unknown

gµ⌫ uµ

Hořava gravity
Field content: metric       , scalar     (preferred foliation)  
Dispersion: non-linear  
UV completion: known

gµ⌫ T

� � k

�2 � k2 + ak4 + ...

P. Hořava, PRD 79, 084008 (2009) 
D. Blas, 0. Pujolas and S. Sibiryakov, PRL 104, 181302 (2010)



Propagation effects 

E2 = m2
g ±M1p+ c2gp

2 ± p3

M3
± p4

M2
4

+ . . .

Strong bound on the mass of  the graviton,      ,   
But marginally interesting from a theory perspective 
Weak bounds on       in eV range  
Strong constraint from BNS and EM

M1 M3

M4

But we can do better in constraining Lorentz violations by 
looking for other polarisations!

T.P.S., PRL 120, 041104 (2018); 

Thomas P. Sotiriou - GGI, November 12th 2018

|�cg/c| / 10�15



Combined Constraints
Hořava gravity

A. E. Gumrukcuoglu, M. Saravani and T.P.S., PRD 97, 024032 (2018)

Thomas P. Sotiriou - GGI, November 12th 2018



Black holes 
LV with linear dispersion relations            : effective metrics� � k

g̃µ⌫ = gµ⌫ + (s2i � 1)uµu⌫

…and multiple horizons.

LV with non-linear dispersion relations           

space

time

P

Past

Future

�2 � k2 + ak4 + ...

Simultaneous

…‘universal horizons’. 
E. Barausse, T. Jacobson and T.P.S., PRD 83, 124043 (2011) 
D. Blas and S. Sibiryakov, PRD 84, 124043 (2011) 
M. Colombo, J. Bhattacharyya, and T.P.S., CQG 33, 235003 (2016). 

!
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Black holes 

Thomas P. Sotiriou - GGI, November 12th 2018

The universal horizons is always behind Killing horizons 

The exterior is always ‘hairy’ - deviations from GR always 
present due to LV  

The deviations are (probably) at percent level in the 
allowed part of  the parameter space 

M. Colombo, J. Bhattacharyya, and T.P.S., CQG 33, 235003 (2016). 
!!! 

E. Barausse, T. Jacobson and T.P.S., PRD 83, 124043 (2011) 
E. Barausse and T.P.S., Phys. Rev. Lett. 109, 181101 (2012) 
E. Barausse and T.P.S., Phys. Rev. D 87, 087504 (2013) 
E. Barausse, I. Vega and T.P.S., Phys. Rev. D 93, 044044 (2016) 
!! 



Part 2: Testing a new regime 
Gravity Parameter Space 5
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Fig. 1.— A parameter space for gravitational fields, showing the regimes probed by a wide range of astrophysical and cosmological
systems. The axes variables are explained in §2 and individual curves are detailed in §3. Some of the label abbreviations are: SS = planets
of the Solar System, MS = Main Sequence stars, WD = white dwarfs, PSRs = binary pulsars, NS = individual neutron stars, BH = stellar
mass black holes, MW = the Milky Way, SMBH = supermassive black holes, BBN = Big Bang Nucleosynthesis.

in Fig. 1 (orange, dashed). Systems below-left of this
acceleration scale cannot be modelled without adding a
contribution to the gravitational field from unseen mat-
ter. This region of the parameter space is then prob-
lematic12 for testing gravity theories, since here there
is a degeneracy between two uncertain components of a
cosmological model: dark matter and an e↵ective dark
energy (which could be due to real fields or corrections
to General Relativity).
One final trend is worth noting before we move on to

describing specific systems. The gravitational field inside

12 But not impossibly so, due to the di↵erent properties of dark
energy and dark matter.

an isothermal sphere with a density profile

⇢(r) = ⇢0

⇣
r0

r

⌘2
(19)

corresponds to a vertical line on the parameter space,
since the potential (x-axis) parameter

✏iso =
GM(< r)

rc2
(20)

=
G⇢0

rc2

Z
r

0
4⇡

⇣
r0

r̃

⌘2
r̃
2
dr̃

=
4⇡G⇢0r

2
0

c2
(21)

taken from T. Baker, D. Psaltis, 
C. Skordis, ApJ 802, 63 (2015)

Untested 
combination of  
curvature and 
potential
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Motivation

For a given observed system, what kind of  theory 
could exhibit new effects, while consistent with 

other observations?

Thomas P. Sotiriou - GGI, November 12th 2018



Pinning down the theory 

system of  interest: black holes 
field: massless scalar

Assume that

No mass requires shift symmetry. No-hair theorem!
S.W. Hawking, Comm. Math. Phys. 25, 152 (1972) 
L. Hui, A. Nicolis, PRL 110, 241104 (2013).

T.P.S. and S.-Y. Zhou, PRL 112, 251102 (2014) 
 	 	 	 	 	 	 	 	   

…but there is also a unique exception.

Thomas P. Sotiriou - GGI, November 12th 2018

S =
m2

P

8⇡

Z
d4x

p
�g

✓
R

2
� 1

2
@µ�@

µ�+ ↵�G
◆



The exception 

The corresponding scalar equation is

⇤�+ ↵G = 0

All black holes are hairy 
At small coupling/weak field identical to exponential 
coupling of  dilaton in string theory 

First dynamical simulations done 

Neutron stars have no scalar monopole!

P. Kanti et al., PRD 54, 5049 (1996) 
N. Yunes and L. Stein, PRD 83, 104002 (2011)

K.Yagi, L. Stein and N. Yunes, PRD 93, 024010 (2016)

R. Benkel, T.P.S. and H. Witek, Phys. Rev. D 94 (R), 121503 (2016); 
 	 	 	 	 	 	 	 	   Class. Quant. Grav. 34, 064001 (2017) 
H. Witek, L. Gualtieri, P. Pani and T.P.S., arXiv:1810.05177
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Spontaneous scalarization 

If                      then the theory will admit GR solutions 
around matter! 

However they will not necessarily be the only ones... 

The non-GR configuration is preferred for sufficiently 
large central density 

T. Damour and G. Esposito-Farese, Phys. Rev. Lett. 70, 2220 (1993)

Celebrated demonstration that strong field effects can be very 
important...

In spherical symmetry + Einstein frame

Thomas P. Sotiriou - GGI, November 12th 2018

⇤� = A3A0T = U 0
e↵

A0(�0) = 0



Spontaneous scalarization 

9

estimate of its value, one can write

Energy ≈
∫ [

1

2
(∂iϕ)2 + ρ eβ0ϕ2/2

]
≈ mc2

(
ϕ2

c/2

Gm/Rc2
+ eβ0ϕ2

c
/2

)
. (9)

When β0 < 0, this is the sum of a parabola and a Gaussian, and if the compactness
Gm/Rc2 is large enough, the function Energy(ϕc) has the shape of a Mexican hat,
see Fig. 2. The value ϕc = 0 now corresponds to a local maximum of the energy. It
is therefore energetically favorable for the star to create a nonvanishing scalar field
ϕc, and thereby a nonvanishing “scalar charge” a′(ϕc) = β0ϕc. This phenomenon
is analogous to the spontaneous magnetization of ferromagnets.

ϕc

Energysm
all m

/R (Sun)

critical m
/R

large m
/R

(neutron star)

0

α0 = 0

a(ϕ)

ϕ

β0 < 0 large slope ≈ scalar charge

Figure 2. Heuristic argument to explain the phenomenon of “spontaneous scalarization”. When
β0 < 0 and the compactness Gm/Rc2 of a body is large enough, it is energetically favorable to
create a local scalar field different from the background value. The body becomes thus strongly
coupled to the scalar field.

This heuristic argument has been verified by explicit numerical calculations,
taking into account the coupled differential equations of the metric and the scalar
field, and using various realistic equations of state to describe nuclear matter inside
a neutron star.14 The correct definition of the linear coupling strength between a
compact body A and the scalar field reads αA ≡ ∂ ln mA/∂ϕ0. It is plotted in Fig. 3
for the particular model β0 = −6. One finds that there exists indeed a “spontaneous
scalarization” above a critical mass (whose value decreases as −β0 grows). On the
other hand, if β0 > 0, both the above heuristic argument and the actual numerical
calculations show that |αA| < |α0|. In that case, one finds that neutron stars are
even less coupled to the scalar field than solar-system bodies.

The scalar charge αA enters the predictions of the theory in the same way as α0

in weak-field conditions. For instance, the effective gravitational constant between

Taken from G. Esposito-Farese, arXiv:gr-cq/0402007

Severely constrained by 
binary pulsar tests! 

Adding a mass term 
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Black hole scalarization 
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No-hair theorem for the action

provided that	 	 	 	 	 ,	f 0(�0) = 0 f 00(�0)G < 0

That is, for the equation

trivial solutions are unique if  admissible, if  the effective mass is 
positive

But if  it is negative then there can be “scalarization”!

H. O. Silva, J. Sakstein, L. Gualtieri, T.P.S, and E. Berti, PRL 120, 131104 (2018)

See also: D. D. Doneva and S. S. Yazadjiev, PRL 120, 131103 (2018)
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What we DO know

What we DON’T know

• How to consistently parameterize UV corrections to gravitational physics for 
Lorentz invariant UV completions

• How to build theories of gravity with massless and massive states, both hard (poles) 
and soft (resonances)

• How to construct general EFT for dark energy and cosmological predictions (at 
linear scales) and to constrain them with GW

• How to build EFTs for Lorentz symmetry breaking and some UV completions
• We know how to screen, and how usual GR tests are bypassed
• How to select theories with interesting strong field phenomenology

• (Asymptotically flat) Black Hole solutions in massive gravity/bigravity/multi-gravity
• How the quasi-normal mode spectrum is modified, how mergers are modified, 

realistic black holes, neutron stars
• How do we compute radiation/gravitational waveform for Vainshtein theories
• UV completion of Galileons, Horndeski, Soft and Hard Massive Gravity and general 

EFTs?
• Are there ways out from GW170817? (avoiding constraints on sound speed)
• Well-posedness in the nonlinear region?
• Strong equivalence principle violations in nonlinear region?
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