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Motivations
• General relativity is very well tested on Solar System scales

• Its validity is extrapolated on larger scales
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• On large scales, constraints are weaker

• No measured deviations from ΛCDM (caveat H0 tension), but dark sector not well understood
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• On large scales, constraints are weaker

• No measured deviations from ΛCDM (caveat H0 tension), but dark sector not well understood

Cosmological precision tests of ΛCDM

• Is ΛCDM the ultimate model or the simplest approximation given the current precision of data? 

• Is there new physics on very large scales?
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Figure 18: Expected constraints on the growth rates in each redshift bin. For each z the central
error bars refer to the Reference case while those referring to the Optimistic and Pessimistic case
have been shifted by �0.015 and +0.015 respectively. The growth rates for di↵erent models are
also plotted: ⇤CDM (green tight shortdashed curve), flat DGP (red longdashed curve) and a model
with coupling between dark energy and dark matter (purple, dot-dashed curve). The blue curves
(shortdashed, dotted and solid) represent the f(R) model by [612], Eq. 1.5.36 with n = 0.5, 1, 2
respectively and µ = 3. The plot shows that it will be possible to distinguish these models with
next generation data.
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Fig. 14. Constraints on the growth rate of fluctuations from
various redshift surveys in the base-⇤CDM model: dark
cyan, 6dFGS and velocities fron SNe Ia (Huterer et al. 2017);
green, 6dFGRS (Beutler et al. 2012); purple square, SDSS
MGS (Howlett et al. 2015); cyan cross, SDSS LRG (Oka et al.
2014); dark red, GAMA (Blake et al. 2013); red, BOSS
DR12 (Alam et al. 2017); blue, WiggleZ (Blake et al. 2012);
olive, VIPERS (Pezzotta et al. 2017); dark blue, FastSound
(Okumura et al. 2016); and orange, BOSS DR14 quasars
(Zarrouk et al. 2018). Where measurements are reported in cor-
relation with other variables, we here show the marginalized pos-
terior means and errors. Grey bands show the 68 % and 95 %
confidence ranges allowed by Planck TT,TE,EE+lowE+lensing.

d ln D/d ln a. For ⇤CDM, d ln D/d ln a ⇡ ⌦0.55
m (z). We follow

PCP15, defining

f �8 ⌘

h
�(vd)

8 (z)
i2

�(dd)
8 (z)

, (29)

where �(vd)
8 is the density-velocity correlation in spheres of ra-

dius 8 h
�1Mpc in linear theory.

Measuring f �8 requires modelling nonlinearities and scale-
dependent bias and is considerably more complicated than es-
timating the BAO scale from galaxy surveys. One key problem
is deciding on the precise range of scales that can be used in
an RSD analysis, since there is a need to balance potential sys-
tematic errors associated with modelling nonlinearities against
reducing statistical errors by extending to smaller scales. In addi-
tion, there is a partial degeneracy between distortions caused by
peculiar motions and the Alcock-Paczynski e↵ect. Nevertheless,
there have been substantial improvements in modelling RSDs in
the last few years, including extensive tests of systematic errors
using numerical simulations. Di↵erent techniques for measur-
ing f �8 are now consistent to within a few percent (Alam et al.
2017).

Figure 14, showing f �8 as a function of redshift, is an up-
date of figure 16 from PCP15. The most significant changes from
PCP15 are the new high precision measurements from BOSS
DR12, shown as the red points. These points are the “consen-
sus” BOSS D12 results from Alam et al. (2017), which aver-
ages the results from four di↵erent ways of analysing the DR12
data (Beutler et al. 2017; Grieb et al. 2017; Sánchez et al. 2017;
Satpathy et al. 2017). These results are in excellent agreement

with the Planck base ⇤CDM cosmology (see also Fig. 15) and
provide the tightest constraints to date on the growth rate of fluc-
tuations. We have updated the VIPERS constraints to those of
the second public data release (Pezzotta et al. 2017) and added
a data point from the Galaxy and Mass Assembly (GAMA) red-
shift survey (Blake et al. 2012). Two new surveys have extended
the reach of RSD measurements (albeit with large errors) to
redshifts greater than unity: the deep FASTSOUND emission
line redshift survey (Okumura et al. 2016); and the BOSS DR14
quasar survey (Zarrouk et al. 2018). We have also added a new
low redshift estimate of f �8 from Huterer et al. (2017) at an ef-
fective redshift of ze↵ = 0.023, which is based on correlating
deviations from the mean magnitude-redshift relation of SNe in
the Pantheon sample with estimates of the nearby peculiar veloc-
ity field determined from the 6dF Galaxy Survey (Springob et al.
2014). As can be seen from Fig. 14, these growth rate measure-
ments are consistent with the Planck base-⇤CDM cosmology
over the entire redshift range 0.023 < ze↵ < 1.52.

Since the BOSS-DR12 estimates provide the strongest con-
straints on RSDs, it is worth comparing these results with Planck

in greater detail. Here we use the “full-shape consensus” re-
sults17 on DV , f �8, and FAP for each of the three redshift bins
from Alam et al. (2017) and the associated 9⇥ 9 covariance ma-
trix, where FAP is the Alcock-Paczinski parameter

FAP(z) = DM(z)
H(z)

c
. (30)

Figure 15 shows the constraints from BOSS-DR12 on f �8 and
FAP marginalized over DV . Planck base-⇤CDM constraints are
shown by the red and green contours. For each redshift bin,
the Planck best-fit values of f �8 and FAP lie within the 68 %
contours from BOSS-DR12. Figure 15 highlights the impres-
sive consistency of the base-⇤CDM cosmology from the high
redshifts probed by the CMB to the low redshifts sampled by
BOSS.

5.4. The Hubble constant

Perhaps the most controversial tension between the Planck

⇤CDM model and astrophysical data is the discrepancy with
direct measurements of the Hubble constant H0. PCP13 re-
ported a value of H0 = (67.3 ± 1.2) km s�1Mpc�1 for the
base-⇤CDM cosmology, substantially lower that the distance-
ladder estimate of H0 = (73.8 ± 2.4) km s�1Mpc�1 from
the SH0ES18 project (Riess et al. 2011) and other H0 stud-
ies (e.g., Freedman et al. 2001, 2012). Since then, additional
data acquired as part of the SH0ES project (Riess et al. 2016;
Riess et al. 2018a, hereafter R18) has exacerbated the tension.
R18 conclude that H0 = (73.48± 1.66) km s�1Mpc�1, compared
to our Planck TT,TE,EE+lowE+lensing estimate from Table 1
of H0 = (67.27 ± 0.60) km s�1Mpc�1. Using Gaia parallaxes
Riess et al. (2018b) recently slightly tightened their measure-
ment19 to H0 = (73.52 ± 1.62) km s�1Mpc�1. Interestingly, the
central values of the SH0ES and Planck estimates have hardly

17When using RSDs to constraint dark energy in Sect. 7.4, we use the
alternative DM, H, and f �8 parameterization from Alam et al. (2017)
for consistency with the DR12 BAO-only likelihood that we use else-
where.

18SN, H0, for the Equation of State of dark energy.
19By default in this paper (and in the PLA) we use the Riess et al.

(2018a) number (available at the time we ran our parameter chains)
unless otherwise stated; using the updated number would make no sig-
nificant di↵erence to our conclusions.
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Figure 2.1. This diagram illustrates how Lovelock’s theorem serves as a guide to classify modified
theories of gravity. Each of the yellow boxes connected to the circle represents a class of modified
theories of gravity that arises from violating one of the assumptions underlying the theorem. A theory
can, in general, belong to multiple classes. See Table 1 for a more precise classification.

2. Extensions of general relativity: motivation and overview

2.1. A compass to navigate the modified-gravity atlas

There are countless inequivalent ways to modify GR, many of them leading to theories
that can be designed to agree with current observations. Cosmological observations
and fundamental physics considerations suggest that GR must be modified at very
low and/or very high energies. Experimental searches for beyond-GR physics are a
particularly active and well motivated area of research, so it is natural to look for a
guiding principle: if we were to find experimental hints of modifications of GR, which
of the assumptions underlying Einstein’s theory should be abandoned?

Such a guiding principle can be found by examining the building blocks of
Einstein’s theory. Lovelock’s theorem [191, 192] (the generalization of a theorem
due to Cartan [193]) is particularly useful in this context. In simple terms, the theorem
states that GR emerges as the unique theory of gravity under specific assumptions.
More precisely, it can be articulated as follows:

In four spacetime dimensions the only divergence-free symmetric rank-2
tensor constructed solely from the metric gµ⌫ and its derivatives up to second
differential order, and preserving diffeomorphism invariance, is the Einstein
tensor plus a cosmological term.

Berti et al. ‘15

GR= 
ΛCDM
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rSS H
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0⇤�1

3
<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>
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GW150914: Gravitational Waves

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

Abbott et al. ’16
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generationpropagation

ds
2 = �dt

2 + a
2(t) [�ij + �ij ] d~x

i
d~x

j
, �ii = 0 = @i�ij , H = ȧ/a
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Gravitational wave equation:

Gravitational wave equation
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Modified gravitational wave propagation

Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where 
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.

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

2 + f(k)
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�ij = 0
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Radiative corrections

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

2

E

LIGO/Virgo

UV cutoff

Lorentz breaking scale

Cosmology

LSS

C. de Rham and S. Melville PRL (2018)

17

Modified gravitational wave propagation

Modifications in the wave equation are related to 
modifications of gravity in the LSS:

µ = µ(. . . ) , ⌃ = ⌃(. . .)
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Modified gravity spontaneously breaks Lorentz Invariance. Acts like a medium, where 
gravitons are absorbed and dispersed. Effects accumulate on long time-scale.
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GW170817: neutron star merger



Multi-messenger observation

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

:, when considering dimensionless spins with

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

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

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0
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�̇2
ij � (@k�ij)

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

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

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

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



L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (�;µ⌫)

2
i

+G5(�, X)Gµ⌫�;µ⌫ +
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(�;µ⌫)

2 + 2(�;µ⌫)
3
⇤

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

⇤� ⌘ �;µ
;µ X ⌘ gµ⌫�;µ�;⌫

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

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

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

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

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

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

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

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

G5 = F5 = 0
<latexit sha1_base64="R+dI1tYaDGoQkJK1nlTGK5Ki5KQ=">AAAB5nicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRUGEgqAuK9iHtKVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBC4dzTsg9N0ikMOh5v05uZXVtfSO/Wdja3tndc/cPaiZONeNVFstYNwJquBQRr6JAyRuJ5lQFkteDwe3Er79wbUQcPeEw4W1Fe5EIBaNopef7zsXNnR2v4xa9kjcFWSZ+RoqQodJxf1rdmKWKR8gkNabpewm2R1SjYJKPC63U8ISyAe3x0XTNMTmxUpeEsbYTIZmqczmqjBmqwCYVxb5Z9Cbif14zxfCqPRJRkiKP2OyjMJUEYzLpTLpCc4ZyaAllWtgNCetTTRnayxRsdX+x6DKpnZV8r+Q/nhfL19kR8nAEx3AKPlxCGR6gAlVgoOANPuHL6TuvzrvzMYvmnOzNIczB+f4D2Z+K1w==</latexit><latexit sha1_base64="R+dI1tYaDGoQkJK1nlTGK5Ki5KQ=">AAAB5nicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRUGEgqAuK9iHtKVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBC4dzTsg9N0ikMOh5v05uZXVtfSO/Wdja3tndc/cPaiZONeNVFstYNwJquBQRr6JAyRuJ5lQFkteDwe3Er79wbUQcPeEw4W1Fe5EIBaNopef7zsXNnR2v4xa9kjcFWSZ+RoqQodJxf1rdmKWKR8gkNabpewm2R1SjYJKPC63U8ISyAe3x0XTNMTmxUpeEsbYTIZmqczmqjBmqwCYVxb5Z9Cbif14zxfCqPRJRkiKP2OyjMJUEYzLpTLpCc4ZyaAllWtgNCetTTRnayxRsdX+x6DKpnZV8r+Q/nhfL19kR8nAEx3AKPlxCGR6gAlVgoOANPuHL6TuvzrvzMYvmnOzNIczB+f4D2Z+K1w==</latexit><latexit sha1_base64="R+dI1tYaDGoQkJK1nlTGK5Ki5KQ=">AAAB5nicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRUGEgqAuK9iHtKVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBC4dzTsg9N0ikMOh5v05uZXVtfSO/Wdja3tndc/cPaiZONeNVFstYNwJquBQRr6JAyRuJ5lQFkteDwe3Er79wbUQcPeEw4W1Fe5EIBaNopef7zsXNnR2v4xa9kjcFWSZ+RoqQodJxf1rdmKWKR8gkNabpewm2R1SjYJKPC63U8ISyAe3x0XTNMTmxUpeEsbYTIZmqczmqjBmqwCYVxb5Z9Cbif14zxfCqPRJRkiKP2OyjMJUEYzLpTLpCc4ZyaAllWtgNCetTTRnayxRsdX+x6DKpnZV8r+Q/nhfL19kR8nAEx3AKPlxCGR6gAlVgoOANPuHL6TuvzrvzMYvmnOzNIczB+f4D2Z+K1w==</latexit><latexit sha1_base64="R+dI1tYaDGoQkJK1nlTGK5Ki5KQ=">AAAB5nicbVDLSgMxFL1TX7W+Rl26CRbBVZkRRUGEgqAuK9iHtKVk0kwbmswMyR2hlP6CGxE3Cn6Ov+DfmLazaeuBC4dzTsg9N0ikMOh5v05uZXVtfSO/Wdja3tndc/cPaiZONeNVFstYNwJquBQRr6JAyRuJ5lQFkteDwe3Er79wbUQcPeEw4W1Fe5EIBaNopef7zsXNnR2v4xa9kjcFWSZ+RoqQodJxf1rdmKWKR8gkNabpewm2R1SjYJKPC63U8ISyAe3x0XTNMTmxUpeEsbYTIZmqczmqjBmqwCYVxb5Z9Cbif14zxfCqPRJRkiKP2OyjMJUEYzLpTLpCc4ZyaAllWtgNCetTTRnayxRsdX+x6DKpnZV8r+Q/nhfL19kR8nAEx3AKPlxCGR6gAlVgoOANPuHL6TuvzrvzMYvmnOzNIczB+f4D2Z+K1w==</latexit>

Creminelli, FV ’17; Sakstein, Jain ’17 ; Ezquiaga, Zumalacarregui ’17 ; Baker+ ’17

cT=1 implications

cT=1 tuning is stable�cn ⇠ (⇤3/⇤2)
4 ⇠ 10�40 ⌧ 10�15�cT

<latexit sha1_base64="UqcbJZ2E7sZ6kDtIK1TrMsDTzTM=">AAAB53icbVDLSgMxFL1TX7W+qi7dBIvgqsxIQcFNwY3LCn1hW0omk2lDM5khuSOU0m9wI+JGwb/xF/wb0+ls2nogcDjnhHvP9RMpDLrur1PY2t7Z3Svulw4Oj45PyqdnbROnmvEWi2Wsuz41XArFWyhQ8m6iOY18yTv+5GHhd164NiJWTZwmfBDRkRKhYBSt9NwPuERK2LA5LFfcqpuBbBIvJxXI0RiWf/pBzNKIK2SSGtPz3AQHM6pRMMnnpX5qeELZhI74LNtzTq6sFJAw1vYpJJm6kqORMdPIt8mI4tisewvxP6+XYng3mAmVpMgVWw4KU0kwJovSJBCaM5RTSyjTwm5I2JhqytCepmSre+tFN0n7purVqrWnWqV+nx+hCBdwCdfgwS3U4REa0AIGCt7gE74c4bw6787HMlpw8j/nsALn+w/b14wl</latexit>



⇤� ⌘ �;µ
;µ X ⌘ gµ⌫�;µ�;⌫

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

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

Can we rule out more?

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (�;µ⌫)

2
i

+G5(�, X)Gµ⌫�;µ⌫ +
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(�;µ⌫)

2 + 2(�;µ⌫)
3
⇤

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

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

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

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



⇤� ⌘ �;µ
;µ X ⌘ gµ⌫�;µ�;⌫

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

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

Can we rule out more?
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2
i
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1
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h
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3
⇤
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Forecasted constraints from the large-scale structure
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Radiative corrections

• The cosmological background solution φ(t) spontaneously breaks
time-translation invariance, with φ̇ ∼ Λ2
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one gets, neglecting the expansion of the universe,

(3)
R !

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

which in our gauge becomes
(3)
R !

(3)
R� �̇ij@i@j⇡ . (31)

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

contribution to the action

�

Z
d4x

m̃
2

4

2
(2�� 2⇡̇)�̇ij@i@j⇡ , (32)

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

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

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

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

S�⇡⇡ =
M

2

Pl
m̃

2

4

M
2

Pl
+ 2m̃2

4

Z
d4x �̈ij@i⇡@j⇡ . (33)

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

L�⇡⇡ =
1

⇤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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with

⇤2

��⇡ ⌘
MPl

p
2 m̃2

4

⇥
3m6

3 + 4M2

Pl
(c+ 2m4

2)
⇤ 1

2 . (116)

Denoting by p
µ, kµ

1
and k

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

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

¾

¾

mn

ij
= �

2i4

⇤2
��⇡

EpEk1Ek2


1

2
(�im�jn + �in�jm)�

1

3
�ij�mn

�
. (117)

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

2

4
. We will come back to this point at the

end of the section.

D.2 Decay rate

The decay rate reads

��!�⇡ =
1

2Ep

Z
d3k1

(2⇡)32Ek1

d3k2

(2⇡)32Ek2
(2⇡)4�(4)(pµ � k

µ
1
� k

µ
2
) h|iA |

2
i , (118)

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

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

over dk1 using the on-shell conditions

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

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

k1 =
2p(⌦� cs)

1� c2s
, (120)

we obtain

��!�⇡ =
1

2p

1

4⇡cs(1� c2s)

Z
1

cs

d⌦ h|iA |
2
i . (121)

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

h|iA |
2
i =

1

2

X

�=±

X

�2=±
|iA |

2
, (122)

where the tree-level amplitude reads

iA = �
2

⇤2
��⇡

EpEk1Ek2 ✏
? �
ij (p)✏�2

ij (k2) . (123)

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

h|iA |
2
i =

2

⇤4
��⇡

(cs p k1k2)
2


3 + 6

(k2 · p)2

k2

2p
2

+
(k2 · p)4

k4

2p
4

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

(3)
R !

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

which in our gauge becomes
(3)
R !

(3)
R� �̇ij@i@j⇡ . (31)

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

contribution to the action

�

Z
d4x

m̃
2

4

2
(2�� 2⇡̇)�̇ij@i@j⇡ , (32)

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

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

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

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

S�⇡⇡ =
M

2

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

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

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

Classical wave:

Oscillator with changing frequency:

�ij = MPlh
+
0 cos(!u)✏+

ij
, � ⌘ ↵Hh+

0 !
2MPl

⇤3
3c

2
s
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Figure 1 Space-time diagram in (t, z)-coordinates indicating the path taken by the gravitational-wave wave
packet (blue region). The ⇡ lightcone is narrower than the gravitational wave one.

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

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

⇡p̃(u) =
1

cs

p
2pu

h
fp̃(u)âp̃ + f

?

p̃ (u)â
†
�p̃

i
, (3.6)

where
pu ⌘

cs

1� c2s

(|p|� cspz) , (3.7)

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

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

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

fp̃(u) = e
�ipuu , (� = 0) . (3.9)

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

[(1� c
2

s)@
2

u � c
�2

s (1� c
2

s)@
2

s � c
2

s(@
2

x + @
2

y)]⇡ + c
2

s� cos(!u)(@2

x � @
2

y)⇡ = 0 (3.10)

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

⇡(x) =

Z
d3p
(2⇡)3

1p
2cs|p|

⇣
e
�ip·x

âp + e
ip·x

â
†
�p

⌘
, (3.8)

upon use of d3p̃/d3p = cspu/|p| and, consequently, of âp̃ = [|p|/(cspu)]1/2 âp.

8

⇡̈ � c2s
⇥
r2 + � cos(!u)✏+ij@i@j

⇤
⇡ = 0
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Decay enhanced by the large occupation number of the GWs ~ preheating

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

Oscillator with changing frequency:

Each Fourier mode satisfies a Mathieu equation 

⇒ parametric resonance.

(a)

|Re    ¹|

(b)

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

�
�

⇡
2 , 0

�
. Right panel (Fig. 2b):

Instability bands as functions of ⌦ and c
2
sp

2
/!

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

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

⌧ ⌘
!u

2
. (3.11)

For each Fourier mode, f satisfies

d2f

d⌧2
+ [A� 2q cos(2⌧)]f = 0 , (3.12)

with

A = 4
c
2
s p

2

!2

(1� cs⌦)2

(1� c2s)
2

=
4p2u
!2

, (3.13)

q = 2�
c
2
s p

2

!2

(1� ⌦2) cos(2�)

1� c2s

. (3.14)

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

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

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

2
/!

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

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

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

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

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

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

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

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

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

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

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

On the other hand the coe�cient of the operator �̈ij@i⇡@j⇡ reads (see App. B of [1])
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The two coincide, modulo a factor of 2, up to relative corrections suppressed by c
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<latexit sha1_base64="hdJGIWAoP81DS+dQZjM7SNJhpM0=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40DLTCgqlUHDTjVDBtkKnlEwmo6GZyZjcEevQX3Djr7gRcaMg/oJ/Y/rY2HogcHLOvSTneLHgGmz7x8osLC4tr2RXc2vrG5tb+e2dlpaJoqxJpZDq2iOaCR6xJnAQ7DpWjISeYG2vfz7y2/dMaS6jKxjErBuSm4gHnBIwUi9/HFTLtnuEXWAPkNYfh27FXO4S4uOLHsVV7BRLhqWu9CUMe/mCXbTHwPPEmZICmqLRy3+7vqRJyCKggmjdcewYuilRwKlgw5ybaBYT2ic3LB2HGeIDI/k4kMqcCPBY/TNHQq0HoWcmQwK3etYbif95nQSCs27KozgBFtHJQ0EiMEg8agb7XDEKYmAIoYqbH2J6SxShYPrLmejObNB50ioVnXKxdHlSqFWmJWTRHtpHh8hBp6iG6qiBmoiiZ/SKPtCn9WS9WG/W+2Q0Y013dtEfWF+/rTWYmw==</latexit>

f = 10
�2

Hz , Mc = 30M�
<latexit sha1_base64="T/IWERec5aUYmAPrcwyVhdCfvtg=">AAACEHicbVDLSgMxFM3UV62vUZdugkVwoWWmFRREKLhxIyjYBzi1ZDIZG5qZjMkdsQ7zE278FTciblT8A//GtHZj9UDg5Jx7Sc7xE8E1OM6XVZianpmdK86XFhaXllfs1bWmlqmirEGlkKrtE80Ej1kDOAjWThQjkS9Yy+8fD/3WLVOay/gCBgnrROQ65iGnBIzUtd3wyHWust1q7u1gD9gdZCf3uXdoLjcpCfBpl+IjXHMMyTwZSMi7dtmpOCPgv8QdkzIa46xrf3iBpGnEYqCCaH3pOgl0MqKAU8HykpdqlhDaJ9csGwXK8ZaRAhxKZU4MeKT+miOR1oPIN5MRgZ6e9Ibif95lCuFBJ+NxkgKL6c9DYSowSDxsBwdcMQpiYAihipsfYtojilAwHZZMdHcy6F/SrFbcWqV6vleuH45LKKINtIm2kYv2UR2doDPUQBQ9omf0ht6tB+vJerFef0YL1nhnHf2C9fkNwUuaSA==</latexit>

G
W

17
08

17

Broad resonance

𝜋 self-coupling important

negligible 
effect

Observational signatures for m̃2
4

/Virgo

f  = 30 Hz
Mc = 1.2 M

f  = 10 mHz
Mc = 30 M

LIGO/Virgo LISA Perturbative 
decay

P. Creminelli, GT, F. Vernizzi, V. Yingcharoenrat JCAP (2019)
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Theory after no decay

L = G4(�, X)R+G2(�, X) +G3(�, X)⇤�

� 2G4,X(�, X)
h
(⇤�)2 � (�;µ⌫)

2
i

+G5(�, X)Gµ⌫�;µ⌫ +
1

3
G5,X(�, X)

h
(⇤�)3 � 3⇤�(�;µ⌫)

2 + 2(�;µ⌫)
3
⇤

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

⇤� ⌘ �;µ
;µ X ⌘ gµ⌫�;µ�;⌫

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

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

� F5(�, X)✏µ⌫⇢�✏µ
0⌫0⇢0�0

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

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

↵H ⌘ �X2F4

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

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

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



Same calculation but with

Expanded action for ⍺B

↵B =
�̇XG3,X

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

Radiative corrections

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

2

E

LIGO/Virgo

UV cutoff

Lorentz breaking scale

Cosmology

LSS

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

2

�
⇡̇2 � c2s(@k⇡)

2
�
+

1
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�
(�̇ij)

2 � (@k�ij)
2
�

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

Exponential growth quenched by large self-couplings of 𝜋. 


Kills the effect? Simulations ~ preheating

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

� =
|↵B |
↵c2s

!

H
h
+
0

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

No clear constraints on      …

⇤2 ⌘ (H0MPl)
1/2

<latexit sha1_base64="y6VnyFWat/7OBUP5+OYtkOQJotA=">AAACBnicbVBLSwMxGPy2vmp9VT16CRaxXupuKSh4KXjpQaGCfUC3Ltls2oZmHybZQll69+Jf8SLiRcGjf8F/Y9rupdWBwDAzIZlxI86kMs0fI7Oyura+kd3MbW3v7O7l9w+aMowFoQ0S8lC0XSwpZwFtKKY4bUeCYt/ltOUOr6d+a0SFZGFwr8YR7fq4H7AeI1hpycmf2jc67GGnjGz6GLMRKtYcE906iS18VOeTs4fEOi9PnHzBLJkzoL/ESkkBUtSd/LfthST2aaAIx1J2LDNS3QQLxQink5wdSxphMsR9msxqTNCJljzUC4U+gUIzdSGHfSnHvquTPlYDuexNxf+8Tqx6l92EBVGsaEDmD/VijlSIppsgjwlKFB9rgolg+oeIDLDAROnlcrq6tVz0L2mWS1alVLmrFKpX6QhZOIJjKIIFF1CFGtShAQSe4RU+4NN4Ml6MN+N9Hs0Y6Z1DWIDx9QsdSZa7</latexit>
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<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>



Expanded action for ⍺B

↵B =
�̇XG3,X

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

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

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

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

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

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

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

gradient instability

� =
|↵B |
↵c2s

!

H
h
+
0

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



Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>
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<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>
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<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

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

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

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

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

• Gradient instabilities: imaginary solution of                            for      

Classical Stability of the DGP: conditions for stability

Conditions for stability

π̂

δπ

π = π̂ + δπ  

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

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

L�⇡ = Zµ⌫ [⇡̂(x)]@
µ
�⇡@

⌫
�⇡ , Zµ⌫ [⇡̂(x)]@

µ
@
⌫
�⇡ = 0

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

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

• Absence of ghost instabilities) Z00 > 0

11

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

Zµ⌫ [⇡̂(x)]@
µ@⌫�⇡ = 0

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

Zµ⌫k
µk⌫ = 0

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

kµ

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

• Ghost instabilities: Z00 < 0

<latexit sha1_base64="yDtrEvuQ0ukAhFnpUsDRhQcCgR4=">AAAB53icbVDLSgMxFL1TX7W+qi7dBIvgqmSkoKKLghuXFeyDPiiZNNOGZpIhyQhl6De4EXGj4N/4C/6NaTubth4IHM454d5zg1hwYzH+9XIbm1vbO/ndwt7+weFR8fikYVSiKatTJZRuBcQwwSWrW24Fa8WakSgQrBmMH2Z+84Vpw5V8tpOY9SIylDzklFgntdv9FOMpuke4XyzhMp4DrRM/IyXIUOsXf7oDRZOISUsFMabj49j2UqItp4JNC93EsJjQMRmydL7nFF04aYBCpd2TFs3VpRyJjJlEgUtGxI7MqjcT//M6iQ1veimXcWKZpItBYSKQVWhWGg24ZtSKiSOEau42RHRENKHWnabgqvurRddJ46rsV8q3T5VS9S47Qh7O4BwuwYdrqMIj1KAOFCS8wSd8edx79d69j0U052V/TmEJ3vcfkaOLSw==</latexit>
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<latexit sha1_base64="6FxES/P1G+qcRonbIPBCEMNr1MM=">AAACJnicbVDLSgMxFM34tr6qLt1cLIIglBkfKIggurDLCrYVOnW4k2baYOZBkhHKOP/jxv9w5UZEBAU/xfThQuuFwMk555Kc4yeCK23b79bE5NT0zOzcfGFhcWl5pbi6VldxKimr0VjE8tpHxQSPWE1zLdh1IhmGvmAN//a8rzfumFQ8jq50L2GtEDsRDzhFbSiveOH6TCOcgBtIpBncuyiSLnpn9wB5NrwA9dTNLuQ/HjcOWQeNXMkBup59swPgFUt22R4MjANnBEpkNFWv+OS2Y5qGLNJUoFJNx050K0OpORUsL7ipYgnSW+ywbBAzhy1DtSGIpTmRhgH7y4ehUr3QN84QdVf91frkf1oz1cFRK+NRkmoW0eFDQSpAx9DvDNpcMqpFzwCkkpsfAu2i6UKbZgsmuvM36Dio75advfLB5X7p9HhUwhzZIJtkmzjkkJySCqmSGqHkkbyQD/JpPVjP1qv1NrROWKOddfJrrK9vxySjMA==</latexit>



Expanded action for ⍺B

↵B =
�̇XG3,X

HG4
<latexit sha1_base64="zs612bueFuOeao4UBncesubMUI4=">AAACDXicbVDNSsNAGNzUv1r/oh69LBbBg4TEVhREKHqwxwq2DTQlbLabZunmh92NUEKewYuv4kXEi4K+gm/jts2lrR8sDDOz3+6MlzAqpGn+aqWV1bX1jfJmZWt7Z3dP3z/oiDjlmLRxzGJue0gQRiPSllQyYiecoNBjpOuN7iZ694lwQePoUY4T0g/RMKI+xUgqytUNB7EkQG52m8Mb6Pgc4cwZxBI6SUChDe/drHZm53nWVLCeu3rVNMzpwGVgFaAKimm5+o/ahtOQRBIzJETPMhPZzxCXFDOSV5xUkAThERqSbJomhyeKGkA/5upEEk7ZOR8KhRiHnnKGSAZiUZuQ/2m9VPpX/YxGSSpJhGcP+SmDMoaTauCAcoIlGyuAMKfqhxAHSDUiVYEVFd1aDLoMOueGVTMuHurVxnVRQhkcgWNwCixwCRqgCVqgDTB4AW/gE3xpz9qr9q59zKwlrbhzCOZG+/4DH+SaEQ==</latexit>
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<latexit sha1_base64="dCES/USL5vVSLF6eYVUPh9NNKBQ="></latexit>
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<latexit sha1_base64="OlOmFpT2WoFjox29J7QSxtU2Yws="></latexit>

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

⇡̈ + c2s
⇥
k2 + � cos(!u)✏+ijk

ikj
⇤
⇡ = 0

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

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

• Gradient instabilities: imaginary solution of                            for      

Classical Stability of the DGP: conditions for stability

Conditions for stability

π̂

δπ

π = π̂ + δπ  

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

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

L�⇡ = Zµ⌫ [⇡̂(x)]@
µ
�⇡@

⌫
�⇡ , Zµ⌫ [⇡̂(x)]@

µ
@
⌫
�⇡ = 0

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

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

• Absence of ghost instabilities) Z00 > 0
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⇡ = ⇡̂ + �⇡
<latexit sha1_base64="HA6GU9ndA/UCKgPRBibskOsHTJI=">AAACF3icbVDLSgMxFM34rPVVdekmWARBKDM+sCBCwY3LCvYBnVIymds2NPMguSOUoR/ixl9xI9KNgkv/xnRahLYeCBzOOcnNPV4shUbb/rFWVtfWNzZzW/ntnd29/cLBYV1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8wf3EbzyD0iIKn3AYQztgvVB0BWdopE6h7MaC3tHUzZ5KFfgj6vYZUqOP6Pmf4ckEjOODRJZ5nULRLtkZ6DJxZqRIZqh2CmPXj3gSQIhcMq1bjh1jO2UKBZcwyruJhpjxAetBms0c0VMj+bQbKXNCpJk6l2OB1sPAM8mAYV8vehPxP6+VYLfcTkUYJwghnw7qJpJiRCclUV8o4CiHhjCuhPkh5X2mGEdTZd6s7iwuukzqFyXnsnT9eFWs3M5KyJFjckLOiENuSIU8kCqpEU5eyTv5JF/Wi/VmfVjjaXTFmt05InOwvn8BcTmfRQ==</latexit>
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Figure 2: Stability regions on the plane (cs,↵B). The yellow region indicates where ghost instabilities of eq.
(3.20) are absent in which � < c

�2

s

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

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

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

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

0
.) This is a reasonable approximation until the

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

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

+

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

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

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

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

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

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

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

!6

⇤6
Bc

11
s

<
3⇡
4

, (5.2)

where here ! is the energy of ⇡.
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can only conclude that an energy of order ⇤4

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

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

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

of order ⇤4

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

conclude that the GW signal will be a↵ected.

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

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

5 Phenomenological consequences

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

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

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

0

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

0
can be written as (see for example

[32])

h
+

0
⇠ 1p

2
· 4
r
(GMc)

5/3(⇡f)2/3 , (5.1)

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

4
2h

+
0 ) ⌧ 1, where �̄ and �� denote

the GW background and its modification respectively.

14
r = 1 Mpc

<latexit sha1_base64="XlGDPxUT+Xr3ZYEMNB+rGFGL4Qo=">AAAB8HicbVDJSgNBFHzjGuM20aOXxiB4CjMuKAQh4MWLEMEskAmhp9OTNOlZ6H6jhiH/4UXEi4Jf4i/4N3aWSxILGoqqat6r5ydSaHScX2tldW19YzO3ld/e2d3btwsHdR2nivEai2Wsmj7VXIqI11Cg5M1EcRr6kjf8we3YbzxxpUUcPeIw4e2Q9iIRCEbRSB27oG5c4pWJh/wFs/uEjTp20Sk5E5Bl4s5IEWaoduwfrxuzNOQRMkm1brlOgu2MKhRM8lHeSzVPKBvQHs8mC4/IiZG6JIiVeRGSiTqXo6HWw9A3yZBiXy96Y/E/r5VicN3ORJSkyCM2HRSkkmBMxu1JVyjOUA4NoUwJsyFhfaooQ3OjvKnuLhZdJvWzknteuny4KFbKsyPk4AiO4RRcuIIK3EEVasDgGd7gE74sZb1a79bHNLpizf4cwhys7z/eco7w</latexit>

|↵B | . 10�2
<latexit sha1_base64="4sh5tvADqJRSu5OjFVTRfDPTIpo=">AAAB+nicdVDLTsJAFJ3iC/FVdclmIjFxY9OWChg3RDcuMREwodhMhwEmTB+ZmZqQwsJfcWOMG038CH/Bv3EKuMDoSSY5OedM7r3HjxkV0jS/tNzK6tr6Rn6zsLW9s7un7x+0RJRwTJo4YhG/85EgjIakKalk5C7mBAU+I21/dJX57QfCBY3CWzmOSTdAg5D2KUZSSZ5enLiIxUPkXU6gy4gQggbQMu/TU3vq6SXTOK9VbKcCTcM0q5ZtZcSuOmUHWkrJUAILNDz90+1FOAlIKDFDQnQsM5bdFHFJMSPTgpsIEiM8QgOSzlafwmMl9WA/4uqFEs7UpRwKhBgHvkoGSA7Fby8T//I6iezXuikN40SSEM8H9RMGZQSzHmCPcoIlGyuCMKdqQ4iHiCMsVVsFdfrPffB/0rINq2yc3Til+sWihDwogiNwAixQBXVwDRqgCTB4BM/gDbxrE+1Je9Fe59GctvhzCJagfXwDj7WTUw==</latexit>

⇤UV ⇠ ↵1/2c11/6s

↵1/3
B

⇤3

<latexit sha1_base64="A17XekMoSoaHwsfcWpeAKeMazpI="></latexit>

⇤

<latexit sha1_base64="zhQQsGccTyR2YKVJDebYD2G9+SM=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVgIKXgBePCZgHJCHOTnqTIbMPZnqFEHL1IuJFwU/yF/wbJ8leklgwUFTV0F3tJ0oact1fZ2Nza3tnN7eX3z84PDounJw2TJxqgXURq1i3fG5QyQjrJElhK9HIQ19h0x89zPzmC2oj4+iJxgl2Qz6IZCAFJyvVrnuFolty52DrxMtIETJUe4WfTj8WaYgRCcWNaXtuQt0J1ySFwmm+kxpMuBjxAU7m603ZpZX6LIi1fRGxubqU46Ex49C3yZDT0Kx6M/E/r51ScNedyChJCSOxGBSkilHMZl1ZX2oUpMaWcKGl3ZCJIddckL1I3lb3Vouuk8ZNySuXyrVysXKfHSEH53ABV+DBLVTgEapQBwEIb/AJX86z8+q8Ox+L6IaT/TmDJTjff2hDiFk=</latexit>

⇤

<latexit sha1_base64="zhQQsGccTyR2YKVJDebYD2G9+SM=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBDEQ9iVgIKXgBePCZgHJCHOTnqTIbMPZnqFEHL1IuJFwU/yF/wbJ8leklgwUFTV0F3tJ0oact1fZ2Nza3tnN7eX3z84PDounJw2TJxqgXURq1i3fG5QyQjrJElhK9HIQ19h0x89zPzmC2oj4+iJxgl2Qz6IZCAFJyvVrnuFolty52DrxMtIETJUe4WfTj8WaYgRCcWNaXtuQt0J1ySFwmm+kxpMuBjxAU7m603ZpZX6LIi1fRGxubqU46Ex49C3yZDT0Kx6M/E/r51ScNedyChJCSOxGBSkilHMZl1ZX2oUpMaWcKGl3ZCJIddckL1I3lb3Vouuk8ZNySuXyrVysXKfHSEH53ABV+DBLVTgEapQBwEIb/AJX86z8+q8Ox+L6IaT/TmDJTjff2hDiFk=</latexit>

๏             : gradient inst.� > 1
<latexit sha1_base64="EN8C8MbOrqPLC1bLCaGU8zuBTPc=">AAAB5nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QEGQgBePEcxDkhBmJ73JkNkHM71CCPkFLyJeFPwcf8G/cZLsJdGCgaKqhu5qP1HSkOv+OLmV1bX1jfxmYWt7Z3evuH9QN3GqBdZErGLd9LlBJSOskSSFzUQjD32FDX94N/Ubz6iNjKNHGiXYCXk/koEUnKz01PaROLtlXrdYcsvuDOwv8TJSggzVbvG73YtFGmJEQnFjWp6bUGfMNUmhcFJopwYTLoa8j+PZmhN2YqUeC2JtX0Rspi7keGjMKPRtMuQ0MMveVPzPa6UUXHfGMkpSwkjMBwWpYhSzaWfWkxoFqZElXGhpN2RiwDUXZC9TsNW95aJ/Sf2s7J2XLx8uSpWb7Ah5OIJjOAUPrqAC91CFGggI4RU+4NMZOC/Om/M+j+ac7M8hLMD5+gVI1osm</latexit>

๏                                  : ghost inst.�2 > (1� c2s)c
�4
s

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



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

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

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

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

our case one finds �V ⇠ [↵B/(c2s↵)]
4

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

What can we conclude if a model lies in the unstable region? As we discussed, the endpoint of
the instability is unknown and requires knowledge of the UV. Naively one can imagine that a certain
amount of ⇡s with energy close to the cut-o↵ is generated until their backreaction stops the instability.
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can only conclude that an energy of order ⇤4

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

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

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

of order ⇤4

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

conclude that the GW signal will be a↵ected.

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

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

5 Phenomenological consequences

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

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

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

0

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

0
can be written as (see for example

[32])

h
+

0
⇠ 1p

2
· 4
r
(GMc)

5/3(⇡f)2/3 , (5.1)

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

4
2h

+
0 ) ⌧ 1, where �̄ and �� denote

the GW background and its modification respectively.
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Summary and conclusion
Gravitational waves probe modified gravity as light probes material


In many cases very effectively, more than what large-scale structure can do
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Gravitational waves probe modified gravity as light probes material

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

๏  Perturbative decay and dispersion

๏  Resonant graviton decay

Gravitational waves probe modified gravity as light probes material
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๏  Speed of GW: 

๏  Perturbative decay and dispersion

๏  Resonant graviton decay

๏  Instabilities due to GW  

Gravitational waves probe modified gravity as light probes material

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