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Testing cosmo GW propagation

[see also Beltran, Ezquiaga, Heisenberg'19 ][review Ezquiaga&Zumalacárregui'18]
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<latexit sha1_base64="7MqVxsFSNRf6gk+fPn7xbmWtE4g="></latexit><latexit sha1_base64="7MqVxsFSNRf6gk+fPn7xbmWtE4g="></latexit><latexit sha1_base64="7MqVxsFSNRf6gk+fPn7xbmWtE4g="></latexit><latexit sha1_base64="7MqVxsFSNRf6gk+fPn7xbmWtE4g="></latexit>

• Around FRW background, parametrized modified GW propagation

Amplitude Speed Dispersion Source

Cons 
• Only probes GW mixing with 

tensor modes 
• Only reduced sector of the 

gravity theory is tested 
• Most tests require EM 

counterparts 

Pros 
• Decoupling of scalar, vector 

and tensor modes 
• Simple evolution equations 
• Tight constrains on 

cosmological modifications. 
E.g. GW170817 |↵T | < 10�16

<latexit sha1_base64="CAd/mK/AQATwoE2x/+49JKhhtLw=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIqKuii4MZlhb6giWEynbZDJw9mboQSunDjr7hxoYhbP8Kdf+M0zUJbD1w4c869zL3HjwVXYFnfxtLyyuraemGjuLm1vbNr7u23VJRIypo0EpHs+EQxwUPWBA6CdWLJSOAL1vZHN1O//cCk4lHYgHHM3IAMQt7nlICWPLPkaBccIuIh8RrZ49q27tMT+3zimWWrYmXAi8TOSRnlqHvml9OLaBKwEKggSnVtKwY3JRI4FWxSdBLFYkJHZMC6moYkYMpNsyMm+EgrPdyPpK4QcKb+nkhJoNQ48HVnQGCo5r2p+J/XTaB/6aY8jBNgIZ191E8EhghPE8E9LhkFMdaEUMn1rpgOiSQUdG5FHYI9f/IiaVUr9mmlendWrl3lcRRQCR2iY2SjC1RDt6iOmoiiR/SMXtGb8WS8GO/Gx6x1ychnDtAfGJ8/3NiXjA==</latexit>

https://arxiv.org/pdf/1912.06104.pdf
https://arxiv.org/pdf/1807.09241.pdf
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GW lensing in GR
• Local gravitational potential modifies GW trajectory
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<latexit sha1_base64="i7JaitaA4RgHFfA1q8W1Wsv0HFk="></latexit>

In strong lensing regime, multiple images of the same source arrive at 
the detector with different time delays

�t = �tShapiro +�tgeom
<latexit sha1_base64="qsj8f9zYEeRb+wxBL1JzKF86sAY=">AAACIHicbZBNSwMxEIazftb6terRS7AIglB2VVAQQdCDx4pWhe5Ssum0Dc1ulmRWLEt/ihf/ihcPiuhNf41praCtLwQe3plhMm+USmHQ8z6cicmp6ZnZwlxxfmFxadldWb0yKtMcqlxJpW8iZkCKBKooUMJNqoHFkYTrqHPSr1/fgjZCJZfYTSGMWSsRTcEZWqvu7genIJFRpEf0B+sBwh3mF22WCq162yN+C1Tcq7slr+wNRMfBH0KJDFWpu+9BQ/EshgS5ZMbUfC/FMGcaBZfQKwaZgZTxDmtBzWLCYjBhPjiwRzet06BNpe1LkA7c3xM5i43pxpHtjBm2zWitb/5Xq2XYPAhzkaQZQsK/FzUzSVHRflq0ITRwlF0LjGth/0p5m2nG0WZatCH4oyePw9VO2d8t75zvlY4Ph3EUyDrZIFvEJ/vkmJyRCqkSTu7JI3kmL86D8+S8Om/frRPOcGaN/JHz+QXbj6Ny</latexit>

�tShapiro ⇡
Z

du c�1
gw(x)

<latexit sha1_base64="GJhl0HYShRZxMmNZ3bDpSYWDLrg="></latexit>

• And arrival time
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GW lensing beyond GR

GWs can mix with the additional fields. The propagation  eigenstates 
may have different speeds, splitting or distorting each image

�(r)

r?
rE

Eigenstates
Scrambling

Echoes

?

• Beyond GR the background of the additional fields         modify 
propagation (besides the change in gravitational potential)

�(r)
<latexit sha1_base64="/s7YIgsCcMLVG0pi87RhAYV0YnQ=">AAACAnicbVBNS8NAEN34WetX1JN4CRahXkpSBQUvBS8eK9gPaEvZbKft0s0m7E7EEoIX/4oXD4p49Vd489+4TXvQ1gcDj/dmdnaeHwmu0XW/raXlldW19dxGfnNre2fX3tuv6zBWDGosFKFq+lSD4BJqyFFAM1JAA19Awx9dT/zGPSjNQ3mH4wg6AR1I3ueMopG69mEb4QGzdxJfxJAm7WjIi+o07doFt+RmcBaJNyMFMkO1a3+1eyGLA5DIBNW65bkRdhKqkDMBab4da4goG9EBtAyVNADdSbLVqXNilJ7TD5UpiU6m/p5IaKD1OPBNZ0BxqOe9ifif14qxf9lJuIxiBMmmi/qxcDB0Jnk4Pa6AoRgbQpni5q8OG1JFGZrU8iYEb/7kRVIvl7yzUvn2vFC5msWRI0fkmBSJRy5IhdyQKqkRRh7JM3klb9aT9WK9Wx/T1iVrNnNA/sD6/AEc7Zfa</latexit>

• The relevant scale for the modifications      might be different from the 
Einstein radius

r?
<latexit sha1_base64="5WqXSOGowXG3e3Uy1wMBf/yXfm8=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBU9iNgoKXgBePEcwDkmWZnfQmQ2YfzPSKYQle/BUvHhTx6ld482+cJHvQxIKGoqp7err8RAqNtv1tLS2vrK6tFzaKm1vbO7ulvf2mjlPFocFjGau2zzRIEUEDBUpoJwpY6Eto+cPrid+6B6VFHN3hKAE3ZP1IBIIzNJJXOuwiPOD0ncyXKYwz5XU1MjX2SmW7Yk9BF4mTkzLJUfdKX91ezNMQIuSSad1x7ATdjCkUXMK42E01JIwPWR86hkYsBO1m09VjemKUHg1iZSpCOlV/T2Qs1HoU+qYzZDjQ895E/M/rpBhcupmIkhQh4rNFQSopxnSSB+0JBRzlyBDGlTB/pXzAFONoUiuaEJz5kxdJs1pxzirV2/Ny7SqPo0COyDE5JQ65IDVyQ+qkQTh5JM/klbxZT9aL9W59zFqXrHzmgPyB9fkD6rSYYQ==</latexit>

rE
<latexit sha1_base64="Eqpz3HXQB9pnir0MZ2gFLsdnVr8=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkVFLwURPBY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3Uz91hMqzWP5aMYJ+hEdSB5yRo2VHlTvtlcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfjY7dUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdoQvMWXl0mzWvHOK9X7i3LtOo+jAMdwAmfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89YVJ585gj9wPn8AIA+Nqw==</latexit>
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Diagonalizing the propagation
�tot = �+ '

<latexit sha1_base64="F+7KZFb0CCiX72o2ebpPgKTL4Uw=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRBKEkVVAQoeDGZQV7gSaWyXTSDp1cmDkplNC1G1/FjQtF3PoE7nwbJ20W2vrDwMd/zmHO+b1YcAWW9W0UlpZXVteK66WNza3tHXN3r6miRFLWoJGIZNsjigkesgZwEKwdS0YCT7CWN7zJ6q0Rk4pH4T2MY+YGpB9yn1MC2uqah0484A9OQGAggxQimFxnDj7FzojIjLpm2apYU+FFsHMoo1z1rvnl9CKaBCwEKohSHduKwU2JBE4Fm5ScRLGY0CHps47GkARMuen0lAk+1k4P+5HULwQ8dX9PpCRQahx4ujPbWc3XMvO/WicB/9JNeRgnwEI6+8hPBIYIZ7ngHpeMghhrIFRyvSumAyIJBZ1eSYdgz5+8CM1qxT6rVO/Oy7WrPI4iOkBH6ATZ6ALV0C2qowai6BE9o1f0ZjwZL8a78TFrLRj5zD76I+PzBwVImmw=</latexit>

gtotµ⌫ = gµ⌫ + hµ⌫
<latexit sha1_base64="6f3E1Qyq1LVTpn3cazF+Lqxq+OI=">AAACFnicbZDLSsNAFIYnXmu9VV26CRZBEEtSBQURCm5cVrAXaGKYTKft0JlJmDkRSuhTuPFV3LhQxK24822ctKVo6w8DH/85hzPnD2PONDjOt7WwuLS8sppby69vbG5tF3Z26zpKFKE1EvFINUOsKWeS1oABp81YUSxCThth/zqrNx6o0iySdzCIqS9wV7IOIxiMFRROuveewNBTIoUIhkHqicSTyfCqO8Xj3hSDQtEpOSPZ8+BOoIgmqgaFL68dkURQCYRjrVuuE4OfYgWMcDrMe4mmMSZ93KUtgxILqv10dNbQPjRO2+5EyjwJ9sj9PZFiofVAhKYzO0HP1jLzv1orgc6FnzIZJ0AlGS/qJNyGyM4ysttMUQJ8YAATxcxfbdLDChMwSeZNCO7syfNQL5fc01L59qxYuZzEkUP76AAdIRedowq6QVVUQwQ9omf0it6sJ+vFerc+xq0L1mRmD/2R9fkD88ehFg==</latexit>

• We will concentrate in scalar-tensor theories 

DabVb = 0 , Vb = (hµ⌫ ,')
<latexit sha1_base64="SMqtCfASxeJbtiUClPgw4kBXtn8="></latexit>

• Solving the propagation implies diagonalizing an 11x11 set of equations
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<latexit sha1_base64="7IJSGxEp74o3TqX4F0vOqXAURc0="></latexit>
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<latexit sha1_base64="UHfimpsgUF7ISpln5vSh6aTYJ1Y="></latexit>

• Locally one can solve the constraint equations to arrive at 3x3 system

Propagation basis Interaction basis

Mixing matrixLeading derivative eqs.
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Diagonalizing the propagation
• Mixing terms: G+s = M� cos(2�)⇤ , G⇥s = M� sin(2�)⇤

<latexit sha1_base64="nP4XjbUeGJ2VILHq0dHhk620T1Q="></latexit>
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<latexit sha1_base64="39nqVI+fsfyfXc9OIw442eq3y3c="></latexit>

• Pure metric:

~v2 ⇡

0

B@
cos(2�)
sin(2�)

M�
c2�c2h
c2h�c2s

1

CA , c22 ⇡ c2h +M2
�
(c2h � c2)2

c2h � c2s
<latexit sha1_base64="Esx/W+eKRxnFOUzi6z3kCWiP334="></latexit>

• Mostly-metric:

~v3 ⇡

0
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CA , c23 ⇡ c2s �M2
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(c2s � c2)2

c2h � c2s
<latexit sha1_base64="zoGVwaT65KxG5UA8q80iukB3eBE="></latexit>

• Mostly-scalar:
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Main effects
Modified effective metric for each eigenstate and polarization mixing 

Time delays Birefringence 
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• For each lensed image there could be scrambling or echoes 
• No need of EM counterpart!
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Screening in Horndeski
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Longitudinal view

L ⇠ Lshift-sym + p4��MPlR
<latexit sha1_base64="45u7bMUdfblnMAM9kvRiya/cMt4="></latexit>
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<latexit sha1_base64="UOriUpnfc8cEMZxVYsnhYPk63RA="></latexit>

• Let us consider the effect of screening in the GW propagation for a 
quartic Horndeski theory

(r4)
3 =

rs
2⇤2

4
<latexit sha1_base64="jMvtM7R3mrj1+DafIHIJrWoCwlo=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1U5K0oCBCwY0LFxXsA5o0TCaTdujkwcxEKCFbN/6KGxeKuPUP3Pk3TtsstPXAhcM5987ce7yEUSEN41tbWV1b39gsbZW3d3b39vWDw46IU45JG8cs5j0PCcJoRNqSSkZ6CSco9BjpeuPrqd99IFzQOLqXk4Q4IRpGNKAYSSW5Oqxyt3E2qF/ZAUc4467IM8u+VQ/4yG0MrNzVK0bNmAEuE7MgFVCg5epfth/jNCSRxAwJ0TeNRDoZ4pJiRvKynQqSIDxGQ9JXNEIhEU42uySHp0rxYRBzVZGEM/X3RIZCISahpzpDJEdi0ZuK/3n9VAYXTkajJJUkwvOPgpRBGcNpLNCnnGDJJoogzKnaFeIRUpFIFV5ZhWAunrxMOlbNrNesu0aleVnEUQLH4ARUgQnOQRPcgBZoAwwewTN4BW/ak/aivWsf89YVrZg5An+gff4A3miZKg==</latexit>

• Relevant scales: quartic term length scale and Vainshtein radius
rV = p1/34� r4

<latexit sha1_base64="3tL1t1U45WBcXiuwbhvn+DKh9ps=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5q0BQURCm5cVrAPaGOYTCft0MlkmJkIJWbhr7hxoYhbf8Odf+O0zUJbD1w4nHMv994TCEaVdpxva2l5ZXVtvbBR3Nza3tm19/ZbKk4kJk0cs1h2AqQIo5w0NdWMdIQkKAoYaQej64nffiBS0Zjf6bEgXoQGnIYUI20k3z6UfutK+GmtJ4Y0u0/ds2om/Zpvl5yyMwVcJG5OSiBHw7e/ev0YJxHhGjOkVNd1hPZSJDXFjGTFXqKIQHiEBqRrKEcRUV46vT+DJ0bpwzCWpriGU/X3RIoipcZRYDojpIdq3puI/3ndRIcXXkq5SDTheLYoTBjUMZyEAftUEqzZ2BCEJTW3QjxEEmFtIiuaENz5lxdJq1J2q+XKba1Uv8zjKIAjcAxOgQvOQR3cgAZoAgwewTN4BW/Wk/VivVsfs9YlK585AH9gff4ABbCVbg==</latexit>
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Screening in Horndeski
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Ruled out by GW170817

⇤EFT < fligo

Shapiro �t10 > 1 s

Shapiro �t21 > 1 ms

• Screening can be probed through the multi-messenger time delay         or 
the birefringent time delay

�t10
<latexit sha1_base64="urDkLJUjEgwZJpKt3xW31aLDgvM=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQcFLQA8eI5gHJEuYnXSSIbOz60xvICz5Di8eFPHqx3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DBRojnUeSQj3QqYASkU1FGghFasgYWBhGYwup35zTFoIyL1iJMY/JANlOgLztBKfucOJDKK3dRzp91iyS27c9BV4mWkRDLUusWvTi/iSQgKuWTGtD03Rj9lGgWXMC10EgMx4yM2gLalioVg/HR+9JSeWaVH+5G2pZDO1d8TKQuNmYSB7QwZDs2yNxP/89oJ9q/9VKg4QVB8saifSIoRnSVAe0IDRzmxhHEt7K2UD5lmHG1OBRuCt/zyKmlUyt5FufJwWareZHHkyQk5JefEI1ekSu5JjdQJJ0/kmbySN2fsvDjvzseiNedkM8fkD5zPH/REkYs=</latexit>

�t21
<latexit sha1_base64="xFxPE8n46puGdxayFzJBWF1467w=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKexGQcFLQA8eI5gHJEuYnXSSIbOz60xvICz5Di8eFPHqx3jzb5wke9DEgoaiqpvuriCWwqDrfju5tfWNza38dmFnd2//oHh41DBRojnUeSQj3QqYASkU1FGghFasgYWBhGYwup35zTFoIyL1iJMY/JANlOgLztBKfucOJDKK3bTiTbvFklt256CrxMtIiWSodYtfnV7EkxAUcsmMaXtujH7KNAouYVroJAZixkdsAG1LFQvB+On86Ck9s0qP9iNtSyGdq78nUhYaMwkD2xkyHJplbyb+57UT7F/7qVBxgqD4YlE/kRQjOkuA9oQGjnJiCeNa2FspHzLNONqcCjYEb/nlVdKolL2LcuXhslS9yeLIkxNySs6JR65IldyTGqkTTp7IM3klb87YeXHenY9Fa87JZo7JHzifP/dPkY0=</latexit>

GW lensing beyond GR can probe regions of the parameter space 
unconstrained by GW170817

• Shapiro delay is independent of 
the source-lens distances

• Most probable, largest delay 
occurs for impact parameters 
around the Vainshtein 
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• Beyond General Relativity additional fields may mix with GWs while they 
propagate near a gravitational lens: new effects beyond FRW!

• Without EM counterparts, birefringent time delay could probe models 
with screening and unconstrained by GW170817

• Diagonalizing the evolution at leading order in derivatives one can obtain 
the propagation eigenstates, their velocities and polarization composition

• Plenty of room for future work: beyond leading order, prob. crossing 
multiple lenses, additional polarizations constraints, other theories…  
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