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(well defined EFTs valid on cosmological scales)

Modified Gravity 6= MOND
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Overview

• Why cosmologists study MG? 

• What is GW1701817? 

• Where are we now?



Expansion of the universe



Acceleration of the universe



Why study MG?
Dark energy — acceleration of the cosmic expansion



DE vs MG

Gµ⌫ = �⇤gµ⌫ + 8⇡GTµ⌫
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Cosmological constant 
(drives acceleration but fine-tuned) 

(DE: zero due to symmetry/dynamics)

Geometry 
MG: new terms/ DOF

Matter 
DE: new exotic matter 

(quintessence/ K-essence/…)

If your life doesn’t make sense, buy some Dark 
Energy and balance your equations. We won’t 
promise that the rest of the world will make any 
more sense, but at least you’ll have beer.



Other motivations

• Gravity not tested on all scales 

• Need alternative theories to test GR 

• Interesting new field theories  

• Lessons for UV-modifications 

• Cosmological constant problem



Baker, Psaltis, Skordis ‘14(GM/R)
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solar system 
(weak field)

black holes 
neutron stars 

gravitational waves 
(strong field)

cosmology 
(large distances)

Baker, Psaltis, Skordis ‘14

‘galactic desert'
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MG and cosmology
Weinberg:  
GR is unique low energy EFT for massless spin-2

(4D, Lorentz-invariant)

Break assumptions:

• Extra DOF - scalar-tensor, vector-tensor 
• Break Lorentz - TeVeS, Einstein Aether 
• Add mass - massive gravity 
• Extra dimensions - braneworld, compact dimensions

Weinberg ‘65



Modified gravity frameworks
Typically use Horndeski + extensions:

+ beyond Horndeski 
+ DHOST 
+ …….
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free functions - model building
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(Horndeski ’74)



Motivations
• Simple (only one extra scalar) 

• EOM is second order (no ghosts) 

• Symmetries/EFT (depends on precise form) 

• Hide fifth-forces with `Vainshtein Mechanism’

EFT with cut-off ⇤3 = (MplH
2
0 )

1/3 ⇠ (1000 km)�1
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Gravitational waves

speed of GWs ≠ speed of photons 
(on distances above cut-off i.e. cosmological)

(Bellini & Sawicki ‘14)

SGW /
Z

dt d3~xa3

ḣ2
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speed of GWs
(expanding universe)(space-time) (GWs)

gµ⌫ = (FLRW)µ⌫ + hµ⌫
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GW170817



What did we measure?

LIGO

�
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hµ⌫
<latexit sha1_base64="/1jOfxHW27cWuTmXTMeXgG1O80Y=">AAACEXicZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdOOygr1gZyiZTKYNTTJDklFKmKfQrb6HO3HrE/gaPoGZdkBtfwh8nPP/cHLClFGlXffLWVpeWV1br2xUN7e2d3Zre/sdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPxdeF3H4hUNBF3epKSgKOhoDHFSFvpfjQwPs98keWDWt1tuNOBi+CVUAfltAa1bz9KcMaJ0Jghpfqem+rAIKkpZiSv+pkiKcJjNCR9iwJxogIzTZzDY6tEME6kfULDqfr3wiCu1ISHdpMjPVLzXiH+eoI84oRzJCLjR1Fu/FPoF5bkJsrnkuj4MjBUpJkmAs+CxBmDOoFFPTCikmDNJhYQltT+BeIRkghrW2LVluTNV7IInbOGZ/n2vN68KuuqgENwBE6ABy5AE9yAFmgDDAR4Bi/g1Xly3px352O2uuSUNwfg3zifP0rbnmY=</latexit><latexit sha1_base64="/1jOfxHW27cWuTmXTMeXgG1O80Y=">AAACEXicZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdOOygr1gZyiZTKYNTTJDklFKmKfQrb6HO3HrE/gaPoGZdkBtfwh8nPP/cHLClFGlXffLWVpeWV1br2xUN7e2d3Zre/sdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPxdeF3H4hUNBF3epKSgKOhoDHFSFvpfjQwPs98keWDWt1tuNOBi+CVUAfltAa1bz9KcMaJ0Jghpfqem+rAIKkpZiSv+pkiKcJjNCR9iwJxogIzTZzDY6tEME6kfULDqfr3wiCu1ISHdpMjPVLzXiH+eoI84oRzJCLjR1Fu/FPoF5bkJsrnkuj4MjBUpJkmAs+CxBmDOoFFPTCikmDNJhYQltT+BeIRkghrW2LVluTNV7IInbOGZ/n2vN68KuuqgENwBE6ABy5AE9yAFmgDDAR4Bi/g1Xly3px352O2uuSUNwfg3zifP0rbnmY=</latexit><latexit sha1_base64="/1jOfxHW27cWuTmXTMeXgG1O80Y=">AAACEXicZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdOOygr1gZyiZTKYNTTJDklFKmKfQrb6HO3HrE/gaPoGZdkBtfwh8nPP/cHLClFGlXffLWVpeWV1br2xUN7e2d3Zre/sdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPxdeF3H4hUNBF3epKSgKOhoDHFSFvpfjQwPs98keWDWt1tuNOBi+CVUAfltAa1bz9KcMaJ0Jghpfqem+rAIKkpZiSv+pkiKcJjNCR9iwJxogIzTZzDY6tEME6kfULDqfr3wiCu1ISHdpMjPVLzXiH+eoI84oRzJCLjR1Fu/FPoF5bkJsrnkuj4MjBUpJkmAs+CxBmDOoFFPTCikmDNJhYQltT+BeIRkghrW2LVluTNV7IInbOGZ/n2vN68KuuqgENwBE6ABy5AE9yAFmgDDAR4Bi/g1Xly3px352O2uuSUNwfg3zifP0rbnmY=</latexit><latexit sha1_base64="/1jOfxHW27cWuTmXTMeXgG1O80Y=">AAACEXicZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdOOygr1gZyiZTKYNTTJDklFKmKfQrb6HO3HrE/gaPoGZdkBtfwh8nPP/cHLClFGlXffLWVpeWV1br2xUN7e2d3Zre/sdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPxdeF3H4hUNBF3epKSgKOhoDHFSFvpfjQwPs98keWDWt1tuNOBi+CVUAfltAa1bz9KcMaJ0Jghpfqem+rAIKkpZiSv+pkiKcJjNCR9iwJxogIzTZzDY6tEME6kfULDqfr3wiCu1ISHdpMjPVLzXiH+eoI84oRzJCLjR1Fu/FPoF5bkJsrnkuj4MjBUpJkmAs+CxBmDOoFFPTCikmDNJhYQltT+BeIRkghrW2LVluTNV7IInbOGZ/n2vN68KuuqgENwBE6ABy5AE9yAFmgDDAR4Bi/g1Xly3px352O2uuSUNwfg3zifP0rbnmY=</latexit>



GW170817
�t  1.7s

uncertainty due to  
NS physics

different models for  
GRB production



Geometry of GW170817

40 Mpc

) cT � c

c
< 10�15

NGC 4993



Constraints on new DOF
Horndeski:

Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�, X)R

+G4, X

⇥
(⇤�)2 � (rµr⌫�)

2
⇤
+G5(�, X)Gµ⌫rµr⌫�

�1

6
G5, X

⇥
(⇤�)3 � 3rµr⌫�rµr⌫⇤�+ 2r⌫rµ�+r↵r⌫�rµr↵�

⇤

cT = c

cT 6= c

JS & Jain ’17, Baker et al. ’17, Ezquiaga & Zumalacárregui ’17, Creminelli & Vernizzi ‘17

Strong constraints on: beyond Horndeski, DHOST, 
vector-tensor



Implications for DE
Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�)R
<latexit sha1_base64="KEtDTVRZHedrHDlHAmRtVW/Vsko="></latexit><latexit sha1_base64="KEtDTVRZHedrHDlHAmRtVW/Vsko="></latexit><latexit sha1_base64="KEtDTVRZHedrHDlHAmRtVW/Vsko="></latexit><latexit sha1_base64="KEtDTVRZHedrHDlHAmRtVW/Vsko="></latexit>

quintessence 
K-essence 

(DE not MG)

can get acceleration 
strongly disfavoured (7σ) 

(Renk et al. ’17)

no self-acceleration

Other theories: gµ⌫ = ⌦2(�, X)g̃µ⌫
<latexit sha1_base64="caoXyiTndn8WLvxgcsicBcSeIn0="></latexit><latexit sha1_base64="caoXyiTndn8WLvxgcsicBcSeIn0="></latexit><latexit sha1_base64="caoXyiTndn8WLvxgcsicBcSeIn0="></latexit><latexit sha1_base64="caoXyiTndn8WLvxgcsicBcSeIn0="></latexit>

preserves light-cone

(can tune functions too)
Baker et al. ’17, Ezquiaga & Zumalacárregui ’17



Constraints on massive gravity

!2 = c2T p
2 +m2

g
<latexit sha1_base64="B7GsgVGjBEr2Ftg65Hj+JlOzbwo="></latexit><latexit sha1_base64="B7GsgVGjBEr2Ftg65Hj+JlOzbwo="></latexit><latexit sha1_base64="B7GsgVGjBEr2Ftg65Hj+JlOzbwo="></latexit><latexit sha1_base64="B7GsgVGjBEr2Ftg65Hj+JlOzbwo="></latexit>

Constrained by  
GW170817

Constrained by most  
LIGO events 

mg < 10�22 eV
<latexit sha1_base64="w3lFcXsGzC9OF3nqAgmg9i6aFEM=">AAACIXicZVDLSgNBEJz1bXxFvQheBoPgQWU3CHrwEPTiUcFEwY1hdrYTB2dml5leNSzrz+hV/8ObeBP/wi9wEgNqLGgoqrqhq6JUCou+/+6NjI6NT0xOTZdmZufmF8qLSw2bZIZDnScyMecRsyCFhjoKlHCeGmAqknAWXR/2/LMbMFYk+hS7KTQV62jRFpyhk1rlFdXq7Af+Zb5VrRYhwh0alVNoFK1yxd/2+6D/STAgFTLAcav8GcYJzxRo5JJZexH4KTZzZlBwCUUpzCykjF+zDlw4qpkC28z7CQq67pSYthPjRiPtq78vcqas7arIbSqGV3bY64k/noZbnijFdJyHcVzk4SYNe5aLFhdDn2B7r5kLnWYImn8/0s4kxYT26qKxMMBRdh1h3AiXhfIrZhhHV2rJlRQMV/KfNKrbgeMnO5XawaCuKbJK1sgGCcguqZEjckzqhJN78kieyLP34L14r97b9+qIN7hZJn/gfXwBKnyjcQ==</latexit><latexit sha1_base64="w3lFcXsGzC9OF3nqAgmg9i6aFEM=">AAACIXicZVDLSgNBEJz1bXxFvQheBoPgQWU3CHrwEPTiUcFEwY1hdrYTB2dml5leNSzrz+hV/8ObeBP/wi9wEgNqLGgoqrqhq6JUCou+/+6NjI6NT0xOTZdmZufmF8qLSw2bZIZDnScyMecRsyCFhjoKlHCeGmAqknAWXR/2/LMbMFYk+hS7KTQV62jRFpyhk1rlFdXq7Af+Zb5VrRYhwh0alVNoFK1yxd/2+6D/STAgFTLAcav8GcYJzxRo5JJZexH4KTZzZlBwCUUpzCykjF+zDlw4qpkC28z7CQq67pSYthPjRiPtq78vcqas7arIbSqGV3bY64k/noZbnijFdJyHcVzk4SYNe5aLFhdDn2B7r5kLnWYImn8/0s4kxYT26qKxMMBRdh1h3AiXhfIrZhhHV2rJlRQMV/KfNKrbgeMnO5XawaCuKbJK1sgGCcguqZEjckzqhJN78kieyLP34L14r97b9+qIN7hZJn/gfXwBKnyjcQ==</latexit><latexit sha1_base64="w3lFcXsGzC9OF3nqAgmg9i6aFEM=">AAACIXicZVDLSgNBEJz1bXxFvQheBoPgQWU3CHrwEPTiUcFEwY1hdrYTB2dml5leNSzrz+hV/8ObeBP/wi9wEgNqLGgoqrqhq6JUCou+/+6NjI6NT0xOTZdmZufmF8qLSw2bZIZDnScyMecRsyCFhjoKlHCeGmAqknAWXR/2/LMbMFYk+hS7KTQV62jRFpyhk1rlFdXq7Af+Zb5VrRYhwh0alVNoFK1yxd/2+6D/STAgFTLAcav8GcYJzxRo5JJZexH4KTZzZlBwCUUpzCykjF+zDlw4qpkC28z7CQq67pSYthPjRiPtq78vcqas7arIbSqGV3bY64k/noZbnijFdJyHcVzk4SYNe5aLFhdDn2B7r5kLnWYImn8/0s4kxYT26qKxMMBRdh1h3AiXhfIrZhhHV2rJlRQMV/KfNKrbgeMnO5XawaCuKbJK1sgGCcguqZEjckzqhJN78kieyLP34L14r97b9+qIN7hZJn/gfXwBKnyjcQ==</latexit><latexit sha1_base64="w3lFcXsGzC9OF3nqAgmg9i6aFEM=">AAACIXicZVDLSgNBEJz1bXxFvQheBoPgQWU3CHrwEPTiUcFEwY1hdrYTB2dml5leNSzrz+hV/8ObeBP/wi9wEgNqLGgoqrqhq6JUCou+/+6NjI6NT0xOTZdmZufmF8qLSw2bZIZDnScyMecRsyCFhjoKlHCeGmAqknAWXR/2/LMbMFYk+hS7KTQV62jRFpyhk1rlFdXq7Af+Zb5VrRYhwh0alVNoFK1yxd/2+6D/STAgFTLAcav8GcYJzxRo5JJZexH4KTZzZlBwCUUpzCykjF+zDlw4qpkC28z7CQq67pSYthPjRiPtq78vcqas7arIbSqGV3bY64k/noZbnijFdJyHcVzk4SYNe5aLFhdDn2B7r5kLnWYImn8/0s4kxYT26qKxMMBRdh1h3AiXhfIrZhhHV2rJlRQMV/KfNKrbgeMnO5XawaCuKbJK1sgGCcguqZEjckzqhJN78kieyLP34L14r97b9+qIN7hZJn/gfXwBKnyjcQ==</latexit>

not competitive with solar system tests
(mg < 10�32 eV)

<latexit sha1_base64="OgyAa0QxAMJJjXeRAtUqS3jD4ZI="></latexit><latexit sha1_base64="OgyAa0QxAMJJjXeRAtUqS3jD4ZI="></latexit><latexit sha1_base64="OgyAa0QxAMJJjXeRAtUqS3jD4ZI="></latexit><latexit sha1_base64="OgyAa0QxAMJJjXeRAtUqS3jD4ZI="></latexit>



Important caveats
1) Non-cosmological modifications are unconstrained:

Treat as UV-modification: ⇤UV � ⇤3
<latexit sha1_base64="WKLghsrw3MLKTXLTi1CC4WJK0kw=">AAACJnicZVDLSsNAFJ34rPUVdSnCYBFcSElU0GXRjQsXFewDmhAmk0k7dGYSZiZKCVn5M7rV/3An4s5v8AucPkRtD1w4nHMu3HvClFGlHefDmptfWFxaLq2UV9fWNzbtre2mSjKJSQMnLJHtECnCqCANTTUj7VQSxENGWmH/cui37ohUNBG3epASn6OuoDHFSBspsPe8axOOUJB7ksNGs/C6XfijnQR2xak6I8BZ4k5IBUxQD+wvL0pwxonQmCGlOq6Taj9HUlPMSFH2MkVShPuoSzqGCsSJ8vPRGwU8MEoE40SaERqO1L8bOeJKDXhokhzpnpr2huKvJ8g9TjhHIsq9KCpy7wh6Q0vyPCqmLtHxuZ9TkWaaCDw+JM4Y1AkcdgYjKgnWbGAIwpKaXyDuIYmwNs2WTUnudCWzpHlcdQ2/Oa3ULiZ1lcAu2AeHwAVnoAauQB00AAYP4Ak8gxfr0Xq13qz3cXTOmuzsgH+wPr8BQFWljA==</latexit><latexit sha1_base64="WKLghsrw3MLKTXLTi1CC4WJK0kw=">AAACJnicZVDLSsNAFJ34rPUVdSnCYBFcSElU0GXRjQsXFewDmhAmk0k7dGYSZiZKCVn5M7rV/3An4s5v8AucPkRtD1w4nHMu3HvClFGlHefDmptfWFxaLq2UV9fWNzbtre2mSjKJSQMnLJHtECnCqCANTTUj7VQSxENGWmH/cui37ohUNBG3epASn6OuoDHFSBspsPe8axOOUJB7ksNGs/C6XfijnQR2xak6I8BZ4k5IBUxQD+wvL0pwxonQmCGlOq6Taj9HUlPMSFH2MkVShPuoSzqGCsSJ8vPRGwU8MEoE40SaERqO1L8bOeJKDXhokhzpnpr2huKvJ8g9TjhHIsq9KCpy7wh6Q0vyPCqmLtHxuZ9TkWaaCDw+JM4Y1AkcdgYjKgnWbGAIwpKaXyDuIYmwNs2WTUnudCWzpHlcdQ2/Oa3ULiZ1lcAu2AeHwAVnoAauQB00AAYP4Ak8gxfr0Xq13qz3cXTOmuzsgH+wPr8BQFWljA==</latexit><latexit sha1_base64="WKLghsrw3MLKTXLTi1CC4WJK0kw=">AAACJnicZVDLSsNAFJ34rPUVdSnCYBFcSElU0GXRjQsXFewDmhAmk0k7dGYSZiZKCVn5M7rV/3An4s5v8AucPkRtD1w4nHMu3HvClFGlHefDmptfWFxaLq2UV9fWNzbtre2mSjKJSQMnLJHtECnCqCANTTUj7VQSxENGWmH/cui37ohUNBG3epASn6OuoDHFSBspsPe8axOOUJB7ksNGs/C6XfijnQR2xak6I8BZ4k5IBUxQD+wvL0pwxonQmCGlOq6Taj9HUlPMSFH2MkVShPuoSzqGCsSJ8vPRGwU8MEoE40SaERqO1L8bOeJKDXhokhzpnpr2huKvJ8g9TjhHIsq9KCpy7wh6Q0vyPCqmLtHxuZ9TkWaaCDw+JM4Y1AkcdgYjKgnWbGAIwpKaXyDuIYmwNs2WTUnudCWzpHlcdQ2/Oa3ULiZ1lcAu2AeHwAVnoAauQB00AAYP4Ak8gxfr0Xq13qz3cXTOmuzsgH+wPr8BQFWljA==</latexit><latexit sha1_base64="WKLghsrw3MLKTXLTi1CC4WJK0kw=">AAACJnicZVDLSsNAFJ34rPUVdSnCYBFcSElU0GXRjQsXFewDmhAmk0k7dGYSZiZKCVn5M7rV/3An4s5v8AucPkRtD1w4nHMu3HvClFGlHefDmptfWFxaLq2UV9fWNzbtre2mSjKJSQMnLJHtECnCqCANTTUj7VQSxENGWmH/cui37ohUNBG3epASn6OuoDHFSBspsPe8axOOUJB7ksNGs/C6XfijnQR2xak6I8BZ4k5IBUxQD+wvL0pwxonQmCGlOq6Taj9HUlPMSFH2MkVShPuoSzqGCsSJ8vPRGwU8MEoE40SaERqO1L8bOeJKDXhokhzpnpr2huKvJ8g9TjhHIsq9KCpy7wh6Q0vyPCqmLtHxuZ9TkWaaCDw+JM4Y1AkcdgYjKgnWbGAIwpKaXyDuIYmwNs2WTUnudCWzpHlcdQ2/Oa3ULiZ1lcAu2AeHwAVnoAauQB00AAYP4Ak8gxfr0Xq13qz3cXTOmuzsgH+wPr8BQFWljA==</latexit>

GW170817 constrains MG as dark energy

Okay to study: 

• Black holes 
• Neutron stars 
• High-energy phenomena

(constraining UV-modifications of GR 
not DE)



Summary

• Dark energy - universe is accelerating  

• GW170817 changed the face of dark energy research 

• New (dark energy) DOF highly constrained 

• Graviton mass < 10-22 eV (<10-32 from SS)

(new physics, MG?)



Constraints on large extra dimensions

4D brane

D > 4 bulk

GWs leak 
outPhotons  

don’t

Deffayet & Menou ‘07

we live here



Constraints on large extra dimensions

dGW
L

<latexit sha1_base64="BmJzqrlLHq9sELz+Wwq421L9o/E=">AAACE3icZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdKELFxXsBTpjyWQybWiSGZKMUsI8hm71PdyJWx/A1/AJTNsBtf0h8HHO/8PJCVNGlXbdL2dhcWl5ZbW0Vl7f2NzaruzstlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOh5djv/1ApKKJuNOjlAQc9QWNKUbaSn7Uu7k3vuTwqp33KlW35k4GzoNXQBUU0+hVvv0owRknQmOGlOp6bqoDg6SmmJG87GeKpAgPUZ90LQrEiQrMJHMOD60SwTiR9gkNJ+rfC4O4UiMe2k2O9EDNemPx1xPkESecIxEZP4py4x9Df2xJbqJ8JomOzwNDRZppIvA0SJwxqBM4LghGVBKs2cgCwpLav0A8QBJhbWss25K82UrmoXVS8yzfnlbrF0VdJbAPDsAR8MAZqINr0ABNgEEKnsELeHWenDfn3fmYri44xc0e+DfO5w/SqJ6c</latexit><latexit sha1_base64="BmJzqrlLHq9sELz+Wwq421L9o/E=">AAACE3icZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdKELFxXsBTpjyWQybWiSGZKMUsI8hm71PdyJWx/A1/AJTNsBtf0h8HHO/8PJCVNGlXbdL2dhcWl5ZbW0Vl7f2NzaruzstlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOh5djv/1ApKKJuNOjlAQc9QWNKUbaSn7Uu7k3vuTwqp33KlW35k4GzoNXQBUU0+hVvv0owRknQmOGlOp6bqoDg6SmmJG87GeKpAgPUZ90LQrEiQrMJHMOD60SwTiR9gkNJ+rfC4O4UiMe2k2O9EDNemPx1xPkESecIxEZP4py4x9Df2xJbqJ8JomOzwNDRZppIvA0SJwxqBM4LghGVBKs2cgCwpLav0A8QBJhbWss25K82UrmoXVS8yzfnlbrF0VdJbAPDsAR8MAZqINr0ABNgEEKnsELeHWenDfn3fmYri44xc0e+DfO5w/SqJ6c</latexit><latexit sha1_base64="BmJzqrlLHq9sELz+Wwq421L9o/E=">AAACE3icZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdKELFxXsBTpjyWQybWiSGZKMUsI8hm71PdyJWx/A1/AJTNsBtf0h8HHO/8PJCVNGlXbdL2dhcWl5ZbW0Vl7f2NzaruzstlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOh5djv/1ApKKJuNOjlAQc9QWNKUbaSn7Uu7k3vuTwqp33KlW35k4GzoNXQBUU0+hVvv0owRknQmOGlOp6bqoDg6SmmJG87GeKpAgPUZ90LQrEiQrMJHMOD60SwTiR9gkNJ+rfC4O4UiMe2k2O9EDNemPx1xPkESecIxEZP4py4x9Df2xJbqJ8JomOzwNDRZppIvA0SJwxqBM4LghGVBKs2cgCwpLav0A8QBJhbWss25K82UrmoXVS8yzfnlbrF0VdJbAPDsAR8MAZqINr0ABNgEEKnsELeHWenDfn3fmYri44xc0e+DfO5w/SqJ6c</latexit><latexit sha1_base64="BmJzqrlLHq9sELz+Wwq421L9o/E=">AAACE3icZZDLSgMxGIUzXmu9VV26CRbBhZQZEXRZdKELFxXsBTpjyWQybWiSGZKMUsI8hm71PdyJWx/A1/AJTNsBtf0h8HHO/8PJCVNGlXbdL2dhcWl5ZbW0Vl7f2NzaruzstlSSSUyaOGGJ7IRIEUYFaWqqGemkkiAeMtIOh5djv/1ApKKJuNOjlAQc9QWNKUbaSn7Uu7k3vuTwqp33KlW35k4GzoNXQBUU0+hVvv0owRknQmOGlOp6bqoDg6SmmJG87GeKpAgPUZ90LQrEiQrMJHMOD60SwTiR9gkNJ+rfC4O4UiMe2k2O9EDNemPx1xPkESecIxEZP4py4x9Df2xJbqJ8JomOzwNDRZppIvA0SJwxqBM4LghGVBKs2cgCwpLav0A8QBJhbWss25K82UrmoXVS8yzfnlbrF0VdJbAPDsAR8MAZqINr0ABNgEEKnsELeHWenDfn3fmYri44xc0e+DfO5w/SqJ6c</latexit>

dEM
L

<latexit sha1_base64="Rx1Qcpk8LVS4HAlXtECNNEfjgh4=">AAACE3icZZDLSgMxGIUz9VbrrerSTbAILqTMiKDLogguFCrYC3TGkslk2tAkMyQZpQzzGLrV93Anbn0AX8MnMNMOqO0PgY9z/h9Ojh8zqrRtf1mlhcWl5ZXyamVtfWNzq7q901ZRIjFp4YhFsusjRRgVpKWpZqQbS4K4z0jHH13kfueBSEUjcafHMfE4GggaUoy0kdygf32fupLDy5usX63ZdXsycB6cAmqgmGa/+u0GEU44ERozpFTPsWPtpUhqihnJKm6iSIzwCA1Iz6BAnCgvnWTO4IFRAhhG0jyh4UT9e5EirtSY+2aTIz1Us14u/nqCPOKIcySC1A2CLHWPoJtbkqdBNpNEh2deSkWcaCLwNEiYMKgjmBcEAyoJ1mxsAGFJzV8gHiKJsDY1VkxJzmwl89A+rjuGb09qjfOirjLYA/vgEDjgFDTAFWiCFsAgBs/gBbxaT9ab9W59TFdLVnGzC/6N9fkDvuqekA==</latexit><latexit sha1_base64="Rx1Qcpk8LVS4HAlXtECNNEfjgh4=">AAACE3icZZDLSgMxGIUz9VbrrerSTbAILqTMiKDLogguFCrYC3TGkslk2tAkMyQZpQzzGLrV93Anbn0AX8MnMNMOqO0PgY9z/h9Ojh8zqrRtf1mlhcWl5ZXyamVtfWNzq7q901ZRIjFp4YhFsusjRRgVpKWpZqQbS4K4z0jHH13kfueBSEUjcafHMfE4GggaUoy0kdygf32fupLDy5usX63ZdXsycB6cAmqgmGa/+u0GEU44ERozpFTPsWPtpUhqihnJKm6iSIzwCA1Iz6BAnCgvnWTO4IFRAhhG0jyh4UT9e5EirtSY+2aTIz1Us14u/nqCPOKIcySC1A2CLHWPoJtbkqdBNpNEh2deSkWcaCLwNEiYMKgjmBcEAyoJ1mxsAGFJzV8gHiKJsDY1VkxJzmwl89A+rjuGb09qjfOirjLYA/vgEDjgFDTAFWiCFsAgBs/gBbxaT9ab9W59TFdLVnGzC/6N9fkDvuqekA==</latexit><latexit sha1_base64="Rx1Qcpk8LVS4HAlXtECNNEfjgh4=">AAACE3icZZDLSgMxGIUz9VbrrerSTbAILqTMiKDLogguFCrYC3TGkslk2tAkMyQZpQzzGLrV93Anbn0AX8MnMNMOqO0PgY9z/h9Ojh8zqrRtf1mlhcWl5ZXyamVtfWNzq7q901ZRIjFp4YhFsusjRRgVpKWpZqQbS4K4z0jHH13kfueBSEUjcafHMfE4GggaUoy0kdygf32fupLDy5usX63ZdXsycB6cAmqgmGa/+u0GEU44ERozpFTPsWPtpUhqihnJKm6iSIzwCA1Iz6BAnCgvnWTO4IFRAhhG0jyh4UT9e5EirtSY+2aTIz1Us14u/nqCPOKIcySC1A2CLHWPoJtbkqdBNpNEh2deSkWcaCLwNEiYMKgjmBcEAyoJ1mxsAGFJzV8gHiKJsDY1VkxJzmwl89A+rjuGb09qjfOirjLYA/vgEDjgFDTAFWiCFsAgBs/gBbxaT9ab9W59TFdLVnGzC/6N9fkDvuqekA==</latexit><latexit sha1_base64="Rx1Qcpk8LVS4HAlXtECNNEfjgh4=">AAACE3icZZDLSgMxGIUz9VbrrerSTbAILqTMiKDLogguFCrYC3TGkslk2tAkMyQZpQzzGLrV93Anbn0AX8MnMNMOqO0PgY9z/h9Ojh8zqrRtf1mlhcWl5ZXyamVtfWNzq7q901ZRIjFp4YhFsusjRRgVpKWpZqQbS4K4z0jHH13kfueBSEUjcafHMfE4GggaUoy0kdygf32fupLDy5usX63ZdXsycB6cAmqgmGa/+u0GEU44ERozpFTPsWPtpUhqihnJKm6iSIzwCA1Iz6BAnCgvnWTO4IFRAhhG0jyh4UT9e5EirtSY+2aTIz1Us14u/nqCPOKIcySC1A2CLHWPoJtbkqdBNpNEh2deSkWcaCLwNEiYMKgjmBcEAyoJ1mxsAGFJzV8gHiKJsDY1VkxJzmwl89A+rjuGb09qjfOirjLYA/vgEDjgFDTAFWiCFsAgBs/gBbxaT9ab9W59TFdLVnGzC/6N9fkDvuqekA==</latexit>

h / 1

dGW
L

D�2
2

<latexit sha1_base64="wnv6S1GqqtJiRUSLq1IAdgdgCfU="></latexit><latexit sha1_base64="wnv6S1GqqtJiRUSLq1IAdgdgCfU="></latexit><latexit sha1_base64="wnv6S1GqqtJiRUSLq1IAdgdgCfU="></latexit><latexit sha1_base64="wnv6S1GqqtJiRUSLq1IAdgdgCfU="></latexit>

Pardo, Fishbach, Holz & Spergel ‘18

D = 4.02+0.07
�0.1

<latexit sha1_base64="q0wUMPnsv21STPKFGihIpExY41w=">AAACHnicZVDLSgMxFM3UV62vqrhyEyyCoJaZUqgboagLlxXsAzq1ZDJpDU0yQ5JRSph/0a3+hztxq7/hF5g+QG0PBM495144OUHMqNKu++VkFhaXlleyq7m19Y3Nrfz2TkNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA58psPRCoaiVs9jEmHo76gPYqRtlI3v3d1Xi66pTtz7BbdSto1p27RS7v5gh3HgPPEm5ICmKLWzX/7YYQTToTGDCnV9txYdwySmmJG0pyfKBIjPEB90rZUIE5Ux4zjp/DQKiHsRdI+oeFY/XthEFdqyAO7yZG+V7PeSPz1BHnEEedIhMYPw9T4J9AfWZKbMJ1JontnHUNFnGgi8CRIL2FQR3DUFQypJFizoSUIS2r/AvE9kghr22jOluTNVjJPGqWiZ/lNuVC9mNaVBfvgABwBD1RAFVyDGqgDDAx4Bi/g1Xly3px352OymnGmN7vgH5zPH8cSoGc=</latexit><latexit sha1_base64="q0wUMPnsv21STPKFGihIpExY41w=">AAACHnicZVDLSgMxFM3UV62vqrhyEyyCoJaZUqgboagLlxXsAzq1ZDJpDU0yQ5JRSph/0a3+hztxq7/hF5g+QG0PBM495144OUHMqNKu++VkFhaXlleyq7m19Y3Nrfz2TkNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA58psPRCoaiVs9jEmHo76gPYqRtlI3v3d1Xi66pTtz7BbdSto1p27RS7v5gh3HgPPEm5ICmKLWzX/7YYQTToTGDCnV9txYdwySmmJG0pyfKBIjPEB90rZUIE5Ux4zjp/DQKiHsRdI+oeFY/XthEFdqyAO7yZG+V7PeSPz1BHnEEedIhMYPw9T4J9AfWZKbMJ1JontnHUNFnGgi8CRIL2FQR3DUFQypJFizoSUIS2r/AvE9kghr22jOluTNVjJPGqWiZ/lNuVC9mNaVBfvgABwBD1RAFVyDGqgDDAx4Bi/g1Xly3px352OymnGmN7vgH5zPH8cSoGc=</latexit><latexit sha1_base64="q0wUMPnsv21STPKFGihIpExY41w=">AAACHnicZVDLSgMxFM3UV62vqrhyEyyCoJaZUqgboagLlxXsAzq1ZDJpDU0yQ5JRSph/0a3+hztxq7/hF5g+QG0PBM495144OUHMqNKu++VkFhaXlleyq7m19Y3Nrfz2TkNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA58psPRCoaiVs9jEmHo76gPYqRtlI3v3d1Xi66pTtz7BbdSto1p27RS7v5gh3HgPPEm5ICmKLWzX/7YYQTToTGDCnV9txYdwySmmJG0pyfKBIjPEB90rZUIE5Ux4zjp/DQKiHsRdI+oeFY/XthEFdqyAO7yZG+V7PeSPz1BHnEEedIhMYPw9T4J9AfWZKbMJ1JontnHUNFnGgi8CRIL2FQR3DUFQypJFizoSUIS2r/AvE9kghr22jOluTNVjJPGqWiZ/lNuVC9mNaVBfvgABwBD1RAFVyDGqgDDAx4Bi/g1Xly3px352OymnGmN7vgH5zPH8cSoGc=</latexit><latexit sha1_base64="q0wUMPnsv21STPKFGihIpExY41w=">AAACHnicZVDLSgMxFM3UV62vqrhyEyyCoJaZUqgboagLlxXsAzq1ZDJpDU0yQ5JRSph/0a3+hztxq7/hF5g+QG0PBM495144OUHMqNKu++VkFhaXlleyq7m19Y3Nrfz2TkNFicSkjiMWyVaAFGFUkLqmmpFWLAniASPNYHA58psPRCoaiVs9jEmHo76gPYqRtlI3v3d1Xi66pTtz7BbdSto1p27RS7v5gh3HgPPEm5ICmKLWzX/7YYQTToTGDCnV9txYdwySmmJG0pyfKBIjPEB90rZUIE5Ux4zjp/DQKiHsRdI+oeFY/XthEFdqyAO7yZG+V7PeSPz1BHnEEedIhMYPw9T4J9AfWZKbMJ1JontnHUNFnGgi8CRIL2FQR3DUFQypJFizoSUIS2r/AvE9kghr22jOluTNVjJPGqWiZ/lNuVC9mNaVBfvgABwBD1RAFVyDGqgDDAx4Bi/g1Xly3px352OymnGmN7vgH5zPH8cSoGc=</latexit>

Deffayet & Menou ‘07



Summary

• GW170817 changed the face of dark energy research 

• New (dark energy) DOF highly constrained 

• Graviton mass < 10-22 eV (<10-32 from SS) 

• D = 4 (large extra dimensions only)


