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Dark Energy as a Scalar Field
1961 — Brans-Dicke L = f(�)R� 1
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<latexit sha1_base64="zFDzpaqLSj+qT6dIsPMH7ZFvi+4=">AAACHnicbVBLSwMxGMzWV62vVY9egkWoh5bdVdGLUPTiwUMV+4DuWrJptg3NPkiyQln2l3jxr3jxoIjgSf+N2W0P2joQGGbmS/KNGzEqpGF8a4WFxaXlleJqaW19Y3NL395piTDmmDRxyELecZEgjAakKalkpBNxgnyXkbY7usz89gPhgobBnRxHxPHRIKAexUgqqaefXJ9Dr2JHQ3oIb2EV2h5HODHTxEqhkhGXFDGY+/cWrLYm0Z5eNmpGDjhPzCkpgykaPf3T7oc49kkgMUNCdE0jkk6SXY8ZSUt2LEiE8AgNSFfRAPlEOEm+XgoPlNKHXsjVCSTM1d8TCfKFGPuuSvpIDsWsl4n/ed1YemdOQoMoliTAk4e8mEEZwqwr2KecYMnGiiDMqforxEOkCpKq0ZIqwZxdeZ60rJp5VLNujsv1i2kdRbAH9kEFmOAU1MEVaIAmwOARPINX8KY9aS/au/YxiRa06cwu+APt6wdF9J+A</latexit>

(aka f(R))
<latexit sha1_base64="mNfJSTcIJYuSdem4wcmF9+O9hro=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARWpAyUwVdFt24rGIf0Cklk2ba0MyD5I5YhrrxV9y4UMStf+HOvzHTzkJbz+XC4Zx7Se5xI8EVWNa3kVtaXlldy68XNja3tnfM3b2mCmNJWYOGIpRtlygmeMAawEGwdiQZ8V3BWu7oKvVb90wqHgZ3MI5Y1yeDgHucEtBSzzwoOcAeICEjMsHOSVrYK92Wyz2zaFWsKfAisTNSRBnqPfPL6Yc09lkAVBClOrYVQTchEjgVbFJwYsUiQkdkwDqaBsRnqptML5jgY630sRdK3QHgqfp7IyG+UmPf1ZM+gaGa91LxP68Tg3fRTXgQxcACOnvIiwWGEKdx4D6XjIIYa0Ko5PqvmA6JJBR0aAUdgj1/8iJpViv2aaV6c1asXWZx5NEhOkIlZKNzVEPXqI4aiKJH9Ixe0ZvxZLwY78bHbDRnZDv76A+Mzx+wmpUX</latexit>

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>
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1974 — Horndeski

K(�, X) +G3(�, X)⇤�+G4(�, X)R� 2G4X(�, X)[(⇤�)2 � �µ⌫�
µ⌫ ]
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Screening mechanisms

Self-acceleration
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2016 — DHOST

1974 — Horndeski

K(�, X) +G3(�, X)⇤�+G4(�, X)R� 2G4X(�, X)[(⇤�)2 � �µ⌫�
µ⌫ ]
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2014 — beyond Horndeski F (�, X)[⇤��µ�µ⌫�
⌫ � �µ�µ⇢�

⇢⌫�⌫ ]
<latexit sha1_base64="GPpdq7r+Ejj98R8smqry1V5FT2A="></latexit>

A5(�, X)(�µ�µ⌫�
⌫)2
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Screening mechanisms

Self-acceleration

1998 — Dark Energy

(aka f(R))
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DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
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5 free functions
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L = K +G3⇤�+G.R+A1[�µ⌫�
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⌫
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5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

kinetic term of the scalar

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

kinetic mixing between

metric and scalar

kinetic term of the scalar

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

kinetic mixing between

metric and scalar

kinetic term of the scalar
time variation of   xxxMPl

<latexit sha1_base64="RBmtzFAtVIY78dJMcGgsVComgMM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYsQwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVS866X1fmkVyr7FX8GtEyCnJQhR71X+ur2FUkFlZZwbEwn8BMbZlhbRjidFLupoQkmIzygHUclFtSE2ezaCTp1Sh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpFmtBOeV6v1FuXadx1GAYziBMwjgEmpwC3VoAIFHeIZXePOU9+K9ex/z1hUvnzmCP/A+fwCJZY8a</latexit>

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

kinetic mixing between

metric and scalar

kinetic term of the scalar
time variation of   xxxMPl

<latexit sha1_base64="RBmtzFAtVIY78dJMcGgsVComgMM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYsQwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVS866X1fmkVyr7FX8GtEyCnJQhR71X+ur2FUkFlZZwbEwn8BMbZlhbRjidFLupoQkmIzygHUclFtSE2ezaCTp1Sh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpFmtBOeV6v1FuXadx1GAYziBMwjgEmpwC3VoAIFHeIZXePOU9+K9ex/z1hUvnzmCP/A+fwCJZY8a</latexit>

difference between

speed of gravitons


and photons

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵T
<latexit sha1_base64="E6uIauTyPWG5oaFg8WvzNMkkdeQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rFCv6ANZbLdtEs3m7i7EUron/DiQRGv/h1v/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKsiaNRaw6AWomuGRNw41gnUQxjALB2sH4bua3n5jSPJYNM0mYH+FQ8pBTNFbq9FAkI+w3+qWyW3HnIKvEy0kZctT7pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/N7p+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPEzLpPUMEkXi8JUEBOT2fNkwBWjRkwsQaq4vZXQESqkxkZUtCF4yy+vkla14l1Wqg9X5dptHkcBTuEMLsCDa6jBPdShCRQEPMMrvDmPzovz7nwsWtecfOYE/sD5/AHrK4/j</latexit>

↵H
<latexit sha1_base64="TkhsoWlMbeCvaxkhh4hMPh5n/Gs=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj00mMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GdzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7d5nEU4BTO4AI8uIYa1KEBTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/Y+4/X</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

Linear perturbations:

kinetic mixing between

metric and scalar

kinetic term of the scalar
time variation of   xxxMPl

<latexit sha1_base64="RBmtzFAtVIY78dJMcGgsVComgMM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxYsQwTwgWcLsZDYZM49lZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWjm6nfeqLaMCUf7DihocADyWJGsHVS866X1fmkVyr7FX8GtEyCnJQhR71X+ur2FUkFlZZwbEwn8BMbZlhbRjidFLupoQkmIzygHUclFtSE2ezaCTp1Sh/FSruSFs3U3xMZFsaMReQ6BbZDs+hNxf+8TmrjqzBjMkktlWS+KE45sgpNX0d9pimxfOwIJpq5WxEZYo2JdQEVXQjB4svLpFmtBOeV6v1FuXadx1GAYziBMwjgEmpwC3VoAIFHeIZXePOU9+K9ex/z1hUvnzmCP/A+fwCJZY8a</latexit>

difference between

speed of gravitons


and photons

kinetic mixing between

matter and the scalar

2



DHOST
L = K +G3⇤�+G.R+A1[�µ⌫�

µ⌫ � (⇤�)2] +A3(⇤�)�µ�µ⌫�
⌫

+ f(G,A1, A3)�
µ�µ⇢�

⇢⌫�⌫ + g(G,A1, A3)(�
µ�µ⌫�

⌫)2
<latexit sha1_base64="LHPoRs99GWSoconZKg0B3kngDxQ="></latexit>

5 free functions

EFT of DE
↵B

<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>
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observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵
M
)Hḣij + (1 + ↵

T
)k2hij = 0 , (2)

is fully characterized by two functions of time: the tensor
speed excess, ↵

T
, which modifies the propagation speed

of GWs c
2
g

= 1 + ↵
T

and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵

M
⌘ d log(M2

⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
reads [35]

S[gµ⌫ ,�] =

Z
d4x

p
�g

"
5X

i=2

Li + Lm

#
, (3)

with

L2 = G2(�, X) , L3 = G3(�, X)2� , (4)

L4 = G4(�, X)R+G4,X(�, X)
h
(2�)2 � �;µ⌫�

;µ⌫
i
,(5)

L5 = G5Gµ⌫�
;µ⌫ � 1

6
G5,X(�, X)

h
(2�)3

�3�;µ⌫�
;µ⌫2�+ 2�;µ

⌫
�;⌫

↵
�;↵

µ

i
. (6)

The covariant Galileon corresponds to

G2(X) = c2X ,

G4(X) =
M

2
p

2
+

c4

M6
X

2
,

G3(X) = 2
c3

M3
X ,

G5(X) =
c5

M9
X

2
,

(7)

so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
sor, X ⌘ �@µ�@µ�/2, �;µ⌫ = rµr⌫�, 2� = rµrµ

�

and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
⇠ ⌘ H(t)�̇(t)/H2

0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
functions of the modified GW equation (2) read

↵
T
=

1

M2
⇤E

4

"
2c4⇠

4 + c5⇠
5

 
1 +

Ḣ

H2

!#
, (8)

↵
M

= �4
Ḣ

H2

M
2
⇤ � 1

M2
⇤

, M
2
⇤ = 1 � ⇠

4

E4

✓
3

2
c4 + c5⇠

◆
,(9)

where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵

M
(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
[39], as shown in Fig. 1.
Stringent bounds are derived from the constraint on cg

(1). Translated to ↵
T
,

|↵
T
| < 9 · 10�16

✓
40Mpc

d

◆✓
�t

1.7s

◆
, (10)
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explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
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be thoroughly tested by GW observations. It arises from
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logical model where the Galileon field causes the uni-
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where E = H(t)/H0.
Self-accelerating Galileon models are all consistent
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sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
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observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵
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)Hḣij + (1 + ↵
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)k2hij = 0 , (2)

is fully characterized by two functions of time: the tensor
speed excess, ↵
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, which modifies the propagation speed
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and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵
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⌘ d log(M2

⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
reads [35]

S[gµ⌫ ,�] =

Z
d4x

p
�g

"
5X

i=2

Li + Lm

#
, (3)

with

L2 = G2(�, X) , L3 = G3(�, X)2� , (4)

L4 = G4(�, X)R+G4,X(�, X)
h
(2�)2 � �;µ⌫�

;µ⌫
i
,(5)

L5 = G5Gµ⌫�
;µ⌫ � 1

6
G5,X(�, X)

h
(2�)3

�3�;µ⌫�
;µ⌫2�+ 2�;µ

⌫
�;⌫

↵
�;↵

µ

i
. (6)

The covariant Galileon corresponds to

G2(X) = c2X ,

G4(X) =
M

2
p

2
+

c4

M6
X

2
,

G3(X) = 2
c3

M3
X ,

G5(X) =
c5

M9
X

2
,

(7)

so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
sor, X ⌘ �@µ�@µ�/2, �;µ⌫ = rµr⌫�, 2� = rµrµ
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and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
⇠ ⌘ H(t)�̇(t)/H2

0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
functions of the modified GW equation (2) read
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where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵

M
(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
[39], as shown in Fig. 1.
Stringent bounds are derived from the constraint on cg
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observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵
M
)Hḣij + (1 + ↵
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)k2hij = 0 , (2)

is fully characterized by two functions of time: the tensor
speed excess, ↵

T
, which modifies the propagation speed

of GWs c
2
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and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵

M
⌘ d log(M2

⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
reads [35]
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so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
sor, X ⌘ �@µ�@µ�/2, �;µ⌫ = rµr⌫�, 2� = rµrµ
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and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
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0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
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where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵
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(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
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observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background
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is fully characterized by two functions of time: the tensor
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and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵
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⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
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so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
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and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
⇠ ⌘ H(t)�̇(t)/H2

0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
functions of the modified GW equation (2) read

↵
T
=

1

M2
⇤E

4

"
2c4⇠

4 + c5⇠
5

 
1 +

Ḣ

H2
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, (8)
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= �4
Ḣ
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M
2
⇤ � 1

M2
⇤

, M
2
⇤ = 1 � ⇠

4

E4

✓
3

2
c4 + c5⇠

◆
,(9)

where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵

M
(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
[39], as shown in Fig. 1.
Stringent bounds are derived from the constraint on cg

(1). Translated to ↵
T
,

|↵
T
| < 9 · 10�16

✓
40Mpc

d

◆✓
�t

1.7s

◆
, (10)

L = (G�XA1)KijK
ij +G (3)R+ . . .
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1) Speed of gravity = Speed of light

2

observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵
M
)Hḣij + (1 + ↵

T
)k2hij = 0 , (2)

is fully characterized by two functions of time: the tensor
speed excess, ↵

T
, which modifies the propagation speed

of GWs c
2
g

= 1 + ↵
T

and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵

M
⌘ d log(M2

⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
reads [35]

S[gµ⌫ ,�] =

Z
d4x

p
�g

"
5X

i=2

Li + Lm

#
, (3)

with

L2 = G2(�, X) , L3 = G3(�, X)2� , (4)

L4 = G4(�, X)R+G4,X(�, X)
h
(2�)2 � �;µ⌫�

;µ⌫
i
,(5)

L5 = G5Gµ⌫�
;µ⌫ � 1

6
G5,X(�, X)

h
(2�)3

�3�;µ⌫�
;µ⌫2�+ 2�;µ

⌫
�;⌫

↵
�;↵

µ

i
. (6)

The covariant Galileon corresponds to

G2(X) = c2X ,

G4(X) =
M

2
p

2
+

c4

M6
X

2
,

G3(X) = 2
c3

M3
X ,

G5(X) =
c5

M9
X

2
,

(7)

so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
sor, X ⌘ �@µ�@µ�/2, �;µ⌫ = rµr⌫�, 2� = rµrµ

�

and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
⇠ ⌘ H(t)�̇(t)/H2

0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
functions of the modified GW equation (2) read
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,(9)

where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵

M
(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
[39], as shown in Fig. 1.
Stringent bounds are derived from the constraint on cg

(1). Translated to ↵
T
,

|↵
T
| < 9 · 10�16

✓
40Mpc

d

◆✓
�t
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◆
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L = (G�XA1)KijK
ij +G (3)R+ . . .
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1) Speed of gravity = Speed of light

2

observations across the electromagnetic spectrum further
confirmed the discovery [3].

Each of these events provides complementary informa-
tion about the BNS merger. The GW signal serves to
weight the NS, which are in the range 0.86 � 2.26M�,
and to measure the luminosity distance, d

L
= 40+8

�14Mpc.
The EM counterparts uniquely identify the host galaxy,
NGC4993. Taking the lowest limit d

L
= 26Mpc and a

conservative 10s delay between the GW and sGRB the
bound on the speed of GWs is [2]

�3 · 10�15  cg/c � 1  7 · 10�16
. (1)

This is many orders of magnitude more stringent than
previous direct bounds [28] and applies to cg > c unlike
bounds from absence of gravitational Cherenkov radia-
tion [29]. For simplicity, we will use a symmetric bound
|cg/c � 1|  5 · 10�16 in the rest of the letter. Hereafter
we use natural units with c = 1.

GW propagation in scalar-tensor gravity. Ef-
fects on the propagation of GWs are a hallmark of
scalar-tensor theories of gravity. The evolution of lin-
ear, transverse-traceless perturbations over a cosmologi-
cal background

ḧij + (3 + ↵
M
)Hḣij + (1 + ↵

T
)k2hij = 0 , (2)

is fully characterized by two functions of time: the tensor
speed excess, ↵

T
, which modifies the propagation speed

of GWs c
2
g

= 1 + ↵
T

and hence the causal structure
for this type of signal; and the running of the e↵ective
Planck mass, ↵

M
⌘ d log(M2

⇤ )/d log(a), which modu-
lates the friction term caused by the universe’s expan-
sion. These functions depend on the theory parameters
and the cosmological dynamics of the scalar field. The
explicit expressions are given for Horndeski in [30], for
beyond Horndeski GLPV in [31] and for DHOST theo-
ries in [32]. The constraint on cg (1) has fundamental
implications for DE scenarios and can by itself rule out
otherwise viable models, as we will see explicitly now for
the Covariant Galileon.

The fate of covariant Galileon. Galileon gravity
is an interesting example of a dark energy model that can
be thoroughly tested by GW observations. It arises from
a scalar field with non-linear derivative self-interactions
satisfying the Galilean symmetry � ! �+C+bµx

µ in flat
space-time [13]. Its covariant generalization [14, 34] is a
simple instance of Horndeski’s theory [16], whose action
reads [35]

S[gµ⌫ ,�] =

Z
d4x

p
�g

"
5X

i=2

Li + Lm

#
, (3)

with

L2 = G2(�, X) , L3 = G3(�, X)2� , (4)

L4 = G4(�, X)R+G4,X(�, X)
h
(2�)2 � �;µ⌫�

;µ⌫
i
,(5)

L5 = G5Gµ⌫�
;µ⌫ � 1

6
G5,X(�, X)

h
(2�)3

�3�;µ⌫�
;µ⌫2�+ 2�;µ

⌫
�;⌫

↵
�;↵

µ

i
. (6)

The covariant Galileon corresponds to

G2(X) = c2X ,

G4(X) =
M

2
p

2
+

c4

M6
X

2
,

G3(X) = 2
c3

M3
X ,

G5(X) =
c5

M9
X

2
,

(7)

so that all the coe�cients of the second-derivative terms
are proportional to X. Here g is the determinant of the
metric gµ⌫ , R is the Ricci scalar, Gµ⌫ is the Einstein ten-
sor, X ⌘ �@µ�@µ�/2, �;µ⌫ = rµr⌫�, 2� = rµrµ

�

and Lm denotes the Lagrangian of some matter field  m.
The mass scale M

3 ⌘ MPlH
2
0 ensures that the ci coef-

ficients remain dimensionless (MPl is the Planck mass).
We will refer to three models depending on the highest
power of � present in the action (3): cubic (c4 = c5 = 0),
quartic (c5 = 0) and quintic (all terms).
The covariant Galileon is most interesting as a cosmo-

logical model where the Galileon field causes the uni-
verse to self-accelerate (without the need of a cosmo-
logical constant). As a consequence of shift-symmetry
� ! �+C, a tracker solution exists where the time evo-
lution of the field and the Hubble rate obey the relation
⇠ ⌘ H(t)�̇(t)/H2

0 = constant [36]. Under this solution,
which has to be reached before DE domination [37], the
functions of the modified GW equation (2) read

↵
T
=

1

M2
⇤E

4

"
2c4⇠

4 + c5⇠
5

 
1 +

Ḣ

H2

!#
, (8)

↵
M

= �4
Ḣ

H2

M
2
⇤ � 1

M2
⇤

, M
2
⇤ = 1 � ⇠

4

E4

✓
3

2
c4 + c5⇠

◆
,(9)

where E = H(t)/H0.
Self-accelerating Galileon models are all consistent

(if massive neutrinos are included) with cosmic mi-
crowave background (CMB) and baryon acoustic oscilla-
tions (BAO), together with the locally measured value of
H0 (avoiding the tension in ⇤CDM) [33, 38]. The inclu-
sion of cross-correlations between CMB temperature and
galaxies, which probes the Integrated Sachs Wolfe (ISW)
e↵ect, trims a significant portion of the parameter space
(including all cubic models), but leaves a region that is
still viable [33], (↵

M
(z = 0) & 0.21). All the cosmolog-

ically viable models have an impact of GW propagation
[39], as shown in Fig. 1.
Stringent bounds are derived from the constraint on cg

(1). Translated to ↵
T
,

|↵
T
| < 9 · 10�16

✓
40Mpc

d

◆✓
�t

1.7s

◆
, (10)

L = (G�XA1)KijK
ij +G (3)R+ . . .
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Assumption: EFT of DE still trustable at LIGO/Virgo frequencies
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↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

4



Solar System constraints
L = K +G3⇤�+G.R+

3G2
X

2G
�µ�µ⇢�

⇢⌫�⌫
<latexit sha1_base64="tBqF6XDkwjJ61PsZV8m1+DW6Y+M="></latexit>

↵B
<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

�0 =
G⇤(1 + "�)m

r2
,  0 =

G⇤(1 + " )m

r2
<latexit sha1_base64="n50ZhxO4x0Jpl7SNsyiW5dKSWkg="></latexit>

gravitational potentials for a spherically symmetric matter source 

4



Solar System constraints
L = K +G3⇤�+G.R+

3G2
X

2G
�µ�µ⇢�

⇢⌫�⌫
<latexit sha1_base64="tBqF6XDkwjJ61PsZV8m1+DW6Y+M="></latexit>

↵B
<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

�0 =
G⇤(1 + "�)m

r2
,  0 =

G⇤(1 + " )m

r2
<latexit sha1_base64="n50ZhxO4x0Jpl7SNsyiW5dKSWkg="></latexit>

gravitational potentials for a spherically symmetric matter source 

0  �1 . 10�5
<latexit sha1_base64="paxCDtTfFk08Fg9DsF/TVup1yM8=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSGxUCUFBGMFC2OR6ENqQuS4N61V5yHbQaqijiz8CgsDCLHyCWz8DU6bAVqOdKXjc+6V7z1+wplUlvVtLCwuLa+sltbK6xubW9vmzm5Lxqmg0KQxj0XHJxI4i6CpmOLQSQSQ0OfQ9ofXud9+ACFZHN2pUQJuSPoRCxglSkueeWBhhwN2fFDEs3H+kFKyENvWfXZyPvbMilW1JsDzxC5IBRVoeOaX04tpGkKkKCdSdm0rUW5GhGKUw7jspBISQoekD11NIxKCdLPJIWN8pJUeDmKhK1J4ov6eyEgo5Sj0dWdI1EDOern4n9dNVXDpZixKUgURnX4UpByrGOep4B4TQBUfaUKoYHpXTAdEEKp0dmUdgj178jxp1ar2abV2e1apXxVxlNA+OkTHyEYXqI5uUAM1EUWP6Bm9ojfjyXgx3o2PaeuCUczsoT8wPn8AtC6X3w==</latexit>

�0.2⇥ 10�5 < " � "� < 5.5⇥ 10�5
<latexit sha1_base64="57Egzl3U5JqlaKOklfSyNN5U9fo="></latexit>

CASSINI

4



Solar System constraints
L = K +G3⇤�+G.R+

3G2
X

2G
�µ�µ⇢�

⇢⌫�⌫
<latexit sha1_base64="tBqF6XDkwjJ61PsZV8m1+DW6Y+M="></latexit>

↵B
<latexit sha1_base64="nKCHWPEiTk394ykUreNb2yJqUOQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJPtpl262cTdjVBC/4QXD4p49e9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8MJOE+REOJQ85RWOlTg9FMsJ+vV8quxV3DrJKvJyUIUejX/rqDWKaRkwaKlDrrucmxs9QGU4FmxZ7qWYJ0jEOWddSiRHTfja/d0rOrTIgYaxsSUPm6u+JDCOtJ1FgOyM0I73szcT/vG5qwhs/4zJJDZN0sShMBTExmT1PBlwxasTEEqSK21sJHaFCamxERRuCt/zyKmlVK95lpXp/Va7V8zgKcApncAEeXEMN7qABTaAg4Ble4c15dF6cd+dj0brm5DMn8AfO5w/P44/R</latexit>

↵M
<latexit sha1_base64="zX/Yf4t7cJjIB7577Z8hNrUoa0I=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kWoYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH4I+P3A==</latexit>

↵K
<latexit sha1_base64="irT2TVIOR00e9CxsYW4mk5lkrns=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIbYu+uVym7FnYEsEy8nZchR75W+uv2YphGThgrUuuO5ifEzVIZTwSbFbqpZgnSEA9axVGLEtJ/N7p2QU6v0SRgrW9KQmfp7IsNI63EU2M4IzVAvelPxP6+TmvDKz7hMUsMknS8KU0FMTKbPkz5XjBoxtgSp4vZWQoeokBobUdGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwZQEPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH3YeP2g==</latexit>

�1
<latexit sha1_base64="pFWXS+Iii5Q23t0nR1cweqBHPQI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT3mTI7IOZXiGEfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1eQKmnIdb+dtfWNza3twk5xd2//4LB0dNw0SaYFNkSiEt0OuEElY2yQJIXtVCOPAoWtYHQ381tPqI1M4kcap+hHfBDLUApOVmp1AyTe83qlsltx52CrxMtJGXLUe6Wvbj8RWYQxCcWN6XhuSv6Ea5JC4bTYzQymXIz4ADuWxjxC40/m507ZuVX6LEy0rZjYXP09MeGRMeMosJ0Rp6FZ9mbif14no/DGn8g4zQhjsVgUZopRwma/s77UKEiNLeFCS3srE0OuuSCbUNGG4C2/vEqa1Yp3Wak+XJVrt3kcBTiFM7gAD66hBvdQhwYIGMEzvMKbkzovzrvzsWhdc/KZE/gD5/MH7ZyPTA==</latexit>

�0 =
G⇤(1 + "�)m

r2
,  0 =

G⇤(1 + " )m

r2
<latexit sha1_base64="n50ZhxO4x0Jpl7SNsyiW5dKSWkg="></latexit>

gravitational potentials for a spherically symmetric matter source 

0  �1 . 10�5
<latexit sha1_base64="paxCDtTfFk08Fg9DsF/TVup1yM8=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSGxUCUFBGMFC2OR6ENqQuS4N61V5yHbQaqijiz8CgsDCLHyCWz8DU6bAVqOdKXjc+6V7z1+wplUlvVtLCwuLa+sltbK6xubW9vmzm5Lxqmg0KQxj0XHJxI4i6CpmOLQSQSQ0OfQ9ofXud9+ACFZHN2pUQJuSPoRCxglSkueeWBhhwN2fFDEs3H+kFKyENvWfXZyPvbMilW1JsDzxC5IBRVoeOaX04tpGkKkKCdSdm0rUW5GhGKUw7jspBISQoekD11NIxKCdLPJIWN8pJUeDmKhK1J4ov6eyEgo5Sj0dWdI1EDOern4n9dNVXDpZixKUgURnX4UpByrGOep4B4TQBUfaUKoYHpXTAdEEKp0dmUdgj178jxp1ar2abV2e1apXxVxlNA+OkTHyEYXqI5uUAM1EUWP6Bm9ojfjyXgx3o2PaeuCUczsoT8wPn8AtC6X3w==</latexit>

�0.2⇥ 10�5 < " � "� < 5.5⇥ 10�5
<latexit sha1_base64="57Egzl3U5JqlaKOklfSyNN5U9fo="></latexit>

CASSINI

0  �1 . 10�2
<latexit sha1_base64="eItrKiYqD+NmtrmnQ55gsS7gxP0=">AAACCHicbVC7TsMwFHV4lvIKMDJgUSGxUCUFCcYKFsYi0YfUhMhxb1qrzgPbQaqijiz8CgsDCLHyCWz8DU6bAVqOdKXjc+6V7z1+wplUlvVtLCwuLa+sltbK6xubW9vmzm5Lxqmg0KQxj0XHJxI4i6CpmOLQSQSQ0OfQ9odXud9+ACFZHN2qUQJuSPoRCxglSkueeWBhh8M9dnxQxLPzh5SShdi27rKT2tgzK1bVmgDPE7sgFVSg4ZlfTi+maQiRopxI2bWtRLkZEYpRDuOyk0pICB2SPnQ1jUgI0s0mh4zxkVZ6OIiFrkjhifp7IiOhlKPQ150hUQM56+Xif143VcGFm7EoSRVEdPpRkHKsYpyngntMAFV8pAmhguldMR0QQajS2ZV1CPbsyfOkVavap9XazVmlflnEUUL76BAdIxudozq6Rg3URBQ9omf0it6MJ+PFeDc+pq0LRjGzh/7A+PwBMLOYLQ==</latexit>

�2.5⇥ 10�3  "�  7.5⇥ 10�3
<latexit sha1_base64="9a2LcwTwsoquGMrxiRr5Yc09bS4=">AAACLXicbVDLSgMxFM34rPU16tJNsAhuOsy0Sl0WdeGygn1AZyyZ9LYNzTxIMoUy9Ifc+CsiuKiIW3/DtJ2Fth4IHM45l5t7/JgzqWx7aqytb2xubed28rt7+weH5tFxQ0aJoFCnEY9EyycSOAuhrpji0IoFkMDn0PSHtzO/OQIhWRQ+qnEMXkD6IesxSpSWOuZdEZesK+wqFoDEjv2UFssT7HLA2B0RAbFkXOfc2oAtVIwrK/mOWbAtew68SpyMFFCGWsd8c7sRTQIIFeVEyrZjx8pLiVCMcpjk3URCTOiQ9KGtaUj0Mi+dXzvB51rp4l4k9AsVnqu/J1ISSDkOfJ0MiBrIZW8m/ue1E9W79lIWxomCkC4W9RKOVYRn1eEuE0AVH2tCqGD6r5gOiCBU6YLzugRn+eRV0ihZTtkqPVwWqjdZHTl0is7QBXJQBVXRPaqhOqLoGb2iKfowXox349P4WkTXjGzmBP2B8f0D7iakUg==</latexit>

Hulse-Taylor

"� = " 
<latexit sha1_base64="6g5BrdL426eaqK2H1s1NvGiTSxw=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQTdC0Y3LCvYBnaFk0ts2NPMgyRTK0A9w46+4caGIWz/AnX9j2s7Cth4InJxzLsk9fiy40rb9Y+XW1jc2t/LbhZ3dvf2D4uFRQ0WJZFhnkYhky6cKBQ+xrrkW2Iol0sAX2PSHd1O/OUKpeBQ+6nGMXkD7Ie9xRrWROsWSO6ISY8WFubm1ASc3ZFFS3KTssj0DWSVORkqQodYpfrvdiCUBhpoJqlTbsWPtpVRqzgROCm6iMKZsSPvYNjSkASovnS0zIWdG6ZJeJM0JNZmpfydSGig1DnyTDKgeqGVvKv7ntRPdu/ZSHsaJxpDNH+olguiITJshXS6RaTE2hDLJzV8JG1BJmTb9FUwJzvLKq6RRKTsX5crDZal6m9WRhxM4hXNw4AqqcA81qAODJ3iBN3i3nq1X68P6nEdzVjZzDAuwvn4B8U+biw==</latexit>
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This realises the self-accelerating solution as in covariant galileon models. We notice that for � = 0,
⇠M = ⇠dS thus it is possible to find the scaling solution in the entire history of the universe. In fact,
it was shown that the covariant galileon model can be extended to beyond Horndeski theory and the
background solution remains the same although the perturbations behave di↵erently [63].

Fig. 1 confirms these analytic solutions by numerically solving Eqs. (16) and (17). The left panel shows
�̇H with three di↵erent initial conditions. For this choice of parameters, the solutions are attracted to the
MD scaling solution first. Then the solutions approach the dS scaling solution realising self-acceleration.
In the right panel of Fig. 1 we plot H(t) for the same choice of parameters together with HM (t) and
HdS . As it can be clearly seen, H(t) follows HM (t) at early times and then approaches HdS when t ⇠ 1

(this corresponds to the dimension-full time t ⇠ M
1/2
P ⇤�3/2

3 ).

Figure 1: The evolution of �̇(t)H(t) and H(t). The scalar field solution is attracted to the matter
scaling solution first, and then to the de Sitter scaling solution. We show the evolutions with three
di↵erent initial conditions. We choose the following parameters: c2 = 3, c3 = 5, c4 = 1,� = �5.3 for this
illustration.

Given the background solution, we can evaluate the coe�cients in the equations for quasi-static
perturbations Eqs. (18), (19) and (20), and find the solutions on this cosmological background. As an
illustration, in Fig. 2, we show the comoving distance r(z) =

R z
0 dz

0
/H(z0) in the left panel, and the

evolution of density perturbations divided by the scale factor, (1 + z)�(z), in the right panel. As a
comparison we show the ⇤CDM result with ⌦m = 0.3. Note that we choose the time today t0 to roughly
match H(z) with H⇤CDM (z) at high redshifts. In this example, the density perturbation is enhanced
compared with ⇤CDM. This is due to the enhanced e↵ective Newton constant µ� > 1. In this example,
the damping term ⌫� remains small and does not play a significant role.

The left panel of Fig. 3 shows the evolution of the Newtonian potential �(z) and the lensing potential
(�(z) +  (z))/2. These potentials are normalised to be one at early times. In this example, both
potentials grow at late times. The growth of the lensing potential is a common feature of the galileon
model and this is in fact the origin of strong observational constraints, as the increase of the lensing
potential leads to the opposite sign for the Integrated Sach-Wolfe (ISW) e↵ect compared with ⇤CDM.
This signals that the self-acceleration solutions in this theory could be also strongly constrained by the
ISW-galaxy cross correlation. However, in order to determine whether this rules out the model, we need
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Figure 4: The left panel shows the evolution of ⌥i while the right panel shows GGW /GN � 1. The blue
dotted line on the right panel indicates the upper bound from the Hulse-Taylor binary. The parameters
are the same as Fig. 1.

A Explicit form of the coe�cients

In this Appendix we provide the explicit expression for the coe�cients used in the background, linear
and non-linear equations.

A.1 Background equations

A ⌘ G (3� 9B1)� 6'̇2
GX , (38)

B ⌘ � 3

'̇

⇥
2'̈B1

�
2'̇2

GX +G (3B1 � 1)
�
+ '̇

4
G3X

⇤
, (39)

C ⌘ '̇
2
G2X +

G2

2
(3B1 + 1) +

3'̈B1

'̇2

⇥
'̈B1

�
G (1� 3B1)� 2'̇2

GX
�
� '̇

4
G3X

⇤
, (40)

D ⌘ 18'̈G

'̇2

�
2'̇2

B1X � 3B2
1 +B1

�
� 48'̇2

'̈G
2
X

G
� 3

⇥
'̇
2 (3G3X � 8'̈GXX) + 4'̈GX (6B1 + 1)

⇤
(41)

E ⌘ 6'̇GX

G

�
G2 � 4'̈

�
4'̈GXB1 + '̇

2
G3X

��
+

36'̈2
GB1

'̇3

�
2'̇2

B1X � 3B2
1 +B1

�
(42)

+
6

'̇

⇥
�4'̈2

B1
�
GX (6B1 + 1)� 2'̇2

GXX
�
+ '̇

2
G2X + 3G2B1 + 2'̇2

'̈
�
'̇
2
G3XX �G3X (3B1 + 1)

�⇤
,

F ⌘ 3G2

2'̇2G

⇥
2'̈

�
2'̇2

GXB1 +G
�
B1 (3B1 � 1)� 2'̇2

B1X
��

+ '̇
4
G3X

⇤
+

'̈

'̇4G

h
�3'̇4

�
4'̈GXB1 + '̇

2
G3X

�2
+ 18'̈2

G
2
B

2
1

�
2'̇2

B1X � 3B2
1 +B1

�i

+
'̈

'̇2

⇥
�12'̈2

B
2
1

�
GX (6B1 + 1)� 2'̇2

GXX
�
� 4'̇4

G2XX + 2'̇2
G2X (1� 3B1)

�3'̇2
'̈B1

�
G3X (9B1 + 4)� 4'̇2

G3XX
�⇤

. (43)
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