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Outline

• What parameters do we want to measure? 

• What did we learn from GW170817? 

• Bonus material: what next?

This talk: cosmological gravity.



Parameters for Testing Gravity



Model-Independent Methods

• EFT mindset: Must include all terms consistent with symmetries. 

• MG models involve new degrees of freedom. Today: one scalar only.

Parameterisation 
space

Theory 
space

theory A

theory B

theory C

• We want a parameterisation of modified gravity model space.
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1404.3713,  
1604.01386.

Messy function of φ 
and the metric g.
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Take linearised 
equations on FRW

Horndeski ‘alpha’ 
parameters.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵H(z)

Extended Gravitational Action



The Horndeski Alpha Parameters

c2T = 1 + ↵Tspeed of gravitational waves,                            .  

`braiding’ — mixing of scalar + metric kinetic terms.

kinetic term of scalar field.

↵M (t) =
1

H

d ln M
2(t)

dt
: running of effective Planck mass.

disformal symmetries of the metric.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵H(z)

Quantify typical features of non-GR behaviour:

1404.3713

g̃µ⌫ = ⌦2(X,�)gµ⌫ + �(X,�)@µ�@⌫�
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Constraints from GW170817



GW170817 & GRB170817a
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c2T = 1 + ↵T

|↵T | . 10�12

More conservative:
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E.g. 1710.06394 + others.



Get-Outs
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1806.09471



⇒ Rules out theories with non-zero              .

Survivors?

But then (Sept. 2018): 

Gravitons can decay into scalar field via                   and                   .� ! ⇡⇡ � ! �⇡

c
2
s = �

(2� ↵B)
h
Ḣ � 1

2H
2(↵B + 2↵M )

i
�H↵̇B + ⇢m + pm

H2(↵K + 3
2↵

2
B)
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Initially theories with              = 0 seemed to survive.↵H(z)

↵H(z)

1809.03484
1906.07015

 Except for a few special cases:  ��!⇡⇡ / (c2s � 1)
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What Next?



Modified GW Propagation
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<latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit>

H h0
ij

<latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit>

+
<latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit>

k2
<latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit>

hij
<latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit>

=<latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit> 0
<latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit>

+ GR :Propagation in FRW



hMG = e�D hGR
<latexit sha1_base64="C8pO9AaEkno25KxXmJLZGzUSFXU="></latexit><latexit sha1_base64="C8pO9AaEkno25KxXmJLZGzUSFXU="></latexit><latexit sha1_base64="C8pO9AaEkno25KxXmJLZGzUSFXU="></latexit><latexit sha1_base64="C8pO9AaEkno25KxXmJLZGzUSFXU="></latexit>

h00
ij +

<latexit sha1_base64="XIxfBKEUMiu84MxmnEevovAeZ5Y=">AAACAXicdVDLSgMxFM34rPVVdSO4CRZBUIZMrbXuim5cVrAP6IxDJk3b2MyDJCOUYdz4K25cKOLWv3Dn35hpK6jogXs5nHMvyT1exJlUCH0YM7Nz8wuLuaX88srq2nphY7Mpw1gQ2iAhD0Xbw5JyFtCGYorTdiQo9j1OW97wPPNbt1RIFgZXahRRx8f9gPUYwUpLbmF74CbsJr1O7Egwn056ah8euIUiMk/LJVQqQ02qVqWMMlJBx0dVaJlojCKYou4W3u1uSGKfBopwLGXHQpFyEiwUI5ymeTuWNMJkiPu0o2mAfSqdZHxBCve00oW9UOgKFByr3zcS7Es58j096WM1kL+9TPzL68SqV3USFkSxogGZPNSLOVQhzOKAXSYoUXykCSaC6b9CMsACE6VDy+sQvi6F/5NmybSQaV2Wi7WzaRw5sAN2wT6wwAmogQtQBw1AwB14AE/g2bg3Ho0X43UyOmNMd7bADxhvn12nl3g=</latexit><latexit sha1_base64="XIxfBKEUMiu84MxmnEevovAeZ5Y=">AAACAXicdVDLSgMxFM34rPVVdSO4CRZBUIZMrbXuim5cVrAP6IxDJk3b2MyDJCOUYdz4K25cKOLWv3Dn35hpK6jogXs5nHMvyT1exJlUCH0YM7Nz8wuLuaX88srq2nphY7Mpw1gQ2iAhD0Xbw5JyFtCGYorTdiQo9j1OW97wPPNbt1RIFgZXahRRx8f9gPUYwUpLbmF74CbsJr1O7Egwn056ah8euIUiMk/LJVQqQ02qVqWMMlJBx0dVaJlojCKYou4W3u1uSGKfBopwLGXHQpFyEiwUI5ymeTuWNMJkiPu0o2mAfSqdZHxBCve00oW9UOgKFByr3zcS7Es58j096WM1kL+9TPzL68SqV3USFkSxogGZPNSLOVQhzOKAXSYoUXykCSaC6b9CMsACE6VDy+sQvi6F/5NmybSQaV2Wi7WzaRw5sAN2wT6wwAmogQtQBw1AwB14AE/g2bg3Ho0X43UyOmNMd7bADxhvn12nl3g=</latexit><latexit sha1_base64="XIxfBKEUMiu84MxmnEevovAeZ5Y=">AAACAXicdVDLSgMxFM34rPVVdSO4CRZBUIZMrbXuim5cVrAP6IxDJk3b2MyDJCOUYdz4K25cKOLWv3Dn35hpK6jogXs5nHMvyT1exJlUCH0YM7Nz8wuLuaX88srq2nphY7Mpw1gQ2iAhD0Xbw5JyFtCGYorTdiQo9j1OW97wPPNbt1RIFgZXahRRx8f9gPUYwUpLbmF74CbsJr1O7Egwn056ah8euIUiMk/LJVQqQ02qVqWMMlJBx0dVaJlojCKYou4W3u1uSGKfBopwLGXHQpFyEiwUI5ymeTuWNMJkiPu0o2mAfSqdZHxBCve00oW9UOgKFByr3zcS7Es58j096WM1kL+9TPzL68SqV3USFkSxogGZPNSLOVQhzOKAXSYoUXykCSaC6b9CMsACE6VDy+sQvi6F/5NmybSQaV2Wi7WzaRw5sAN2wT6wwAmogQtQBw1AwB14AE/g2bg3Ho0X43UyOmNMd7bADxhvn12nl3g=</latexit><latexit sha1_base64="XIxfBKEUMiu84MxmnEevovAeZ5Y=">AAACAXicdVDLSgMxFM34rPVVdSO4CRZBUIZMrbXuim5cVrAP6IxDJk3b2MyDJCOUYdz4K25cKOLWv3Dn35hpK6jogXs5nHMvyT1exJlUCH0YM7Nz8wuLuaX88srq2nphY7Mpw1gQ2iAhD0Xbw5JyFtCGYorTdiQo9j1OW97wPPNbt1RIFgZXahRRx8f9gPUYwUpLbmF74CbsJr1O7Egwn056ah8euIUiMk/LJVQqQ02qVqWMMlJBx0dVaJlojCKYou4W3u1uSGKfBopwLGXHQpFyEiwUI5ymeTuWNMJkiPu0o2mAfSqdZHxBCve00oW9UOgKFByr3zcS7Es58j096WM1kL+9TPzL68SqV3USFkSxogGZPNSLOVQhzOKAXSYoUXykCSaC6b9CMsACE6VDy+sQvi6F/5NmybSQaV2Wi7WzaRw5sAN2wT6wwAmogQtQBw1AwB14AE/g2bg3Ho0X43UyOmNMd7bADxhvn12nl3g=</latexit>

2
<latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit><latexit sha1_base64="vwUK70paAR4TiGMgwdoWbbHU5l0=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunHZgn1AG8pkOmnHTiZhZiKU0C9w40IRt36SO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+vc79xTqVgsbvU0oX6ER4KFjGBtpKY7KFeQfem5yPWgITWn6qGcVNH5WQ06NpqjApZoDMrv/WFM0ogKTThWquegRPsZlpoRTmelfqpogskEj2jPUIEjqvxsfugMnhhlCMNYmhIaztXvExmOlJpGgemMsB6r314u/uX1Uh3W/IyJJNVUkMWiMOVQxzD/Gg6ZpETzqSGYSGZuhWSMJSbaZFMyIXx9Cv8nbdd2kO00vUr9ahlHERyBY3AKHHAB6uAGNEALEEDBA3gCz9ad9Wi9WK+L1oK1nDkEP2C9fQLvvo0G</latexit>

(
<latexit sha1_base64="JrQ3OKrGmNKpKH69KR1x2A++UFo=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHhtJnFFfFG9OIREgET2JDZYRZGZh+ZmTUhhC/w4kFjvPpJ3vwbZwETNVpJJ5Wq7nR3+YngSmP8YeVWVtfWN/Kbha3tnd294v5BW8WppKxFYxHLW58oJnjEWpprwW4TyUjoC9bxx1eZ37lnUvE4utGThHkhGUY84JRoIzXL/WIJ2xduBVdcZEjNqbo4I1V8dlpDjo3nKMESjX7xvTeIaRqySFNBlOo6ONHelEjNqWCzQi9VLCF0TIasa2hEQqa86fzQGToxygAFsTQVaTRXv09MSajUJPRNZ0j0SP32MvEvr5vqoOZNeZSkmkV0sShIBdIxyr5GAy4Z1WJiCKGSm1sRHRFJqDbZFEwIX5+i/0m7YjvYdppuqX65jCMPR3AMZXDgHOpwDQ1oAQUGD/AEz9ad9Wi9WK+L1py1nDmEH7DePgHgloz8</latexit><latexit sha1_base64="JrQ3OKrGmNKpKH69KR1x2A++UFo=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHhtJnFFfFG9OIREgET2JDZYRZGZh+ZmTUhhC/w4kFjvPpJ3vwbZwETNVpJJ5Wq7nR3+YngSmP8YeVWVtfWN/Kbha3tnd294v5BW8WppKxFYxHLW58oJnjEWpprwW4TyUjoC9bxx1eZ37lnUvE4utGThHkhGUY84JRoIzXL/WIJ2xduBVdcZEjNqbo4I1V8dlpDjo3nKMESjX7xvTeIaRqySFNBlOo6ONHelEjNqWCzQi9VLCF0TIasa2hEQqa86fzQGToxygAFsTQVaTRXv09MSajUJPRNZ0j0SP32MvEvr5vqoOZNeZSkmkV0sShIBdIxyr5GAy4Z1WJiCKGSm1sRHRFJqDbZFEwIX5+i/0m7YjvYdppuqX65jCMPR3AMZXDgHOpwDQ1oAQUGD/AEz9ad9Wi9WK+L1py1nDmEH7DePgHgloz8</latexit><latexit sha1_base64="JrQ3OKrGmNKpKH69KR1x2A++UFo=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHhtJnFFfFG9OIREgET2JDZYRZGZh+ZmTUhhC/w4kFjvPpJ3vwbZwETNVpJJ5Wq7nR3+YngSmP8YeVWVtfWN/Kbha3tnd294v5BW8WppKxFYxHLW58oJnjEWpprwW4TyUjoC9bxx1eZ37lnUvE4utGThHkhGUY84JRoIzXL/WIJ2xduBVdcZEjNqbo4I1V8dlpDjo3nKMESjX7xvTeIaRqySFNBlOo6ONHelEjNqWCzQi9VLCF0TIasa2hEQqa86fzQGToxygAFsTQVaTRXv09MSajUJPRNZ0j0SP32MvEvr5vqoOZNeZSkmkV0sShIBdIxyr5GAy4Z1WJiCKGSm1sRHRFJqDbZFEwIX5+i/0m7YjvYdppuqX65jCMPR3AMZXDgHOpwDQ1oAQUGD/AEz9ad9Wi9WK+L1py1nDmEH7DePgHgloz8</latexit><latexit sha1_base64="JrQ3OKrGmNKpKH69KR1x2A++UFo=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHhtJnFFfFG9OIREgET2JDZYRZGZh+ZmTUhhC/w4kFjvPpJ3vwbZwETNVpJJ5Wq7nR3+YngSmP8YeVWVtfWN/Kbha3tnd294v5BW8WppKxFYxHLW58oJnjEWpprwW4TyUjoC9bxx1eZ37lnUvE4utGThHkhGUY84JRoIzXL/WIJ2xduBVdcZEjNqbo4I1V8dlpDjo3nKMESjX7xvTeIaRqySFNBlOo6ONHelEjNqWCzQi9VLCF0TIasa2hEQqa86fzQGToxygAFsTQVaTRXv09MSajUJPRNZ0j0SP32MvEvr5vqoOZNeZSkmkV0sShIBdIxyr5GAy4Z1WJiCKGSm1sRHRFJqDbZFEwIX5+i/0m7YjvYdppuqX65jCMPR3AMZXDgHOpwDQ1oAQUGD/AEz9ad9Wi9WK+L1py1nDmEH7DePgHgloz8</latexit>

H h0
ij

<latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit><latexit sha1_base64="pDU9GfXU8ydXT8nd2MZQWveTBmg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4EJKpo617opuuqxgH9CpJZOmbWwyMyQZoQyz8VfcuFDErZ/hzr8xfQgqeuDC4Zx7ufceP+JMaYQ+rMzC4tLySnY1t7a+sbllb+80VBhLQusk5KFs+VhRzgJa10xz2ookxcLntOmPLid+845KxcLgWo8j2hF4ELA+I1gbqWvvJR7BHFZT73h440WSCdpN2G3atfOocO4WUdGFhpSdkosmpIROT8rQKaAp8mCOWtd+93ohiQUNNOFYqbaDIt1JsNSMcJrmvFjRCJMRHtC2oQEWVHWS6QMpPDRKD/ZDaSrQcKp+n0iwUGosfNMpsB6q395E/Mtrx7pf7iQsiGJNAzJb1I851CGcpAF7TFKi+dgQTCQzt0IyxBITbTLLmRC+PoX/k0ax4KCCc+XmKxfzOLJgHxyAI+CAM1ABVVADdUBACh7AE3i27q1H68V6nbVmrPnMLvgB6+0TF3iWvg==</latexit>

+
<latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit><latexit sha1_base64="jH9Zr8KCqF5MP5kZWEnCW91xMWQ=">AAAB6HicdVDLSgNBEJz1GeMr6tHLYBAEYZmNa4y3oBePCZgHJEuYnXSSMbMPZmaFsOQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiy40oR8WEvLK6tr67mN/ObW9s5uYW+/qaJEMmiwSESy7VMFgofQ0FwLaMcSaOALaPnj68xv3YNUPApv9SQGL6DDkA84o9pI9dNeoUjsS7dESi42pOKUXZKRMjk/q2DHJjMU0QK1XuG9249YEkComaBKdRwSay+lUnMmYJrvJgpiysZ0CB1DQxqA8tLZoVN8bJQ+HkTSVKjxTP0+kdJAqUngm86A6pH67WXiX14n0YOKl/IwTjSEbL5okAisI5x9jftcAtNiYghlkptbMRtRSZk22eRNCF+f4v9Js2Q7xHbqbrF6tYgjhw7RETpBDrpAVXSDaqiBGAL0gJ7Qs3VnPVov1uu8dclazBygH7DePgHlIoz/</latexit>

k2
<latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit><latexit sha1_base64="rdKYDlRMIoqlh8fUmjRqU5XN4KU=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYx1rorunFZ0T6gjWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jpK2gogcuHM65l3vvCRLOlEbowyosLa+srhXXSxubW9s75d29lopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8WXut++pVCwWt3qSUD/CQ8FCRrA20s34zu2XK8g+91zketCQmlP1UE6q6PSkBh0bzVABCzT65ffeICZpRIUmHCvVdVCi/QxLzQin01IvVTTBZIyHtGuowBFVfjY7dQqPjDKAYSxNCQ1n6veJDEdKTaLAdEZYj9RvLxf/8rqpDmt+xkSSairIfFGYcqhjmP8NB0xSovnEEEwkM7dCMsISE23SKZkQvj6F/5OWazvIdq69Sv1iEUcRHIBDcAwccAbq4Ao0QBMQMAQP4Ak8W9x6tF6s13lrwVrM7IMfsN4+AWt+jeM=</latexit>

hij
<latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit><latexit sha1_base64="uwv4bsch7nxM7MYwn8476A/pQvE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJ1rHVXdOOygn1AO5RMmmnTZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1Q6wpZ4I2DDOcthNFcRxy2grH1zO/dU+VZlLcmUlCgxgPBIsYwcZKzWEvY6Npr1hC7qVfRmUfWlL1Kj6akQo6P6tCz0VzlMAS9V7xvduXJI2pMIRjrTseSkyQYWUY4XRa6KaaJpiM8YB2LBU4pjrI5tdO4YlV+jCSypYwcK5+n8hwrPUkDm1njM1Q//Zm4l9eJzVRNciYSFJDBVksilIOjYSz12GfKUoMn1iCiWL2VkiGWGFibEAFG8LXp/B/0iy7HnK9W79Uu1rGkQdH4BicAg9cgBq4AXXQAASMwAN4As+OdB6dF+d10ZpzljOH4Aect09IQo+Y</latexit>

=<latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit><latexit sha1_base64="4m2iVbnKaXBSwc0EkcAjazq188E=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgaZmNa4wHIejFYwImBpIlzE4myZjZBzOzQljyBV48KOLVT/Lm3zibRFDRgoaiqpvuLj8WXGmMP6zc0vLK6lp+vbCxubW9U9zda6kokZQ1aSQi2faJYoKHrKm5FqwdS0YCX7Bbf3yV+bf3TCoehTd6EjMvIMOQDzgl2kiNi16xhO1zt4zLLjKk6lRcnJEKPj2pIsfGM5RggXqv+N7tRzQJWKipIEp1HBxrLyVScyrYtNBNFIsJHZMh6xgakoApL50dOkVHRumjQSRNhRrN1O8TKQmUmgS+6QyIHqnfXib+5XUSPah6KQ/jRLOQzhcNEoF0hLKvUZ9LRrWYGEKo5OZWREdEEqpNNgUTwten6H/SKtsOtp2GW6pdLuLIwwEcwjE4cAY1uIY6NIECgwd4gmfrznq0XqzXeWvOWszsww9Yb58AeY0R</latexit>

enhanced Hubble damping

Modified GW Propagation

+↵M )
<latexit sha1_base64="hOrAakYqoW1fuGRnbty+SmDKp3A="></latexit><latexit sha1_base64="hOrAakYqoW1fuGRnbty+SmDKp3A="></latexit><latexit sha1_base64="hOrAakYqoW1fuGRnbty+SmDKp3A="></latexit><latexit sha1_base64="hOrAakYqoW1fuGRnbty+SmDKp3A="></latexit>

0
<latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit><latexit sha1_base64="t3vJoBq5yI7eBvVJKytiZXVJgy4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZmNa4y3oBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cTaJoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3xdea370EqHke3epKAF9JhxAPOqDZSg/SLJWJfumVSdrEhVafikoxUyPlZFTs2maOElqj3i++9QczSECLNBFWq65BEe1MqNWcCZoVeqiChbEyH0DU0oiEobzo/dIZPjDLAQSxNRRrP1e8TUxoqNQl90xlSPVK/vUz8y+umOqh6Ux4lqYaILRYFqcA6xtnXeMAlMC0mhlAmubkVsxGVlGmTTcGE8PUp/p+0yrZDbKfhlmpXyzjy6Agdo1PkoAtUQzeojpqIIUAP6Ak9W3fWo/VivS5ac9Zy5hD9gPX2Cey2jQQ=</latexit>

+ Horndeski :Propagation in FRW

D =
1

2

Z z

0

↵M

1 + z̃
dz̃

<latexit sha1_base64="V7NZpXu+21gDbG7bREuqto53P3g="></latexit><latexit sha1_base64="V7NZpXu+21gDbG7bREuqto53P3g="></latexit><latexit sha1_base64="V7NZpXu+21gDbG7bREuqto53P3g="></latexit><latexit sha1_base64="V7NZpXu+21gDbG7bREuqto53P3g="></latexit>

where

dGW (z) = eD dL(z)
<latexit sha1_base64="+aBnZtsJHYScX6Sc8QQJUc1YHDg="></latexit><latexit sha1_base64="+aBnZtsJHYScX6Sc8QQJUc1YHDg="></latexit><latexit sha1_base64="+aBnZtsJHYScX6Sc8QQJUc1YHDg="></latexit><latexit sha1_base64="+aBnZtsJHYScX6Sc8QQJUc1YHDg="></latexit>

from GW 
amplitude

from EM counterpart/
host + a dL-z relation

hGR / 1

dL(z)
<latexit sha1_base64="j6AxlJNOaTuV4681Q3bfsS4ulrI="></latexit><latexit sha1_base64="j6AxlJNOaTuV4681Q3bfsS4ulrI="></latexit><latexit sha1_base64="j6AxlJNOaTuV4681Q3bfsS4ulrI="></latexit><latexit sha1_base64="j6AxlJNOaTuV4681Q3bfsS4ulrI="></latexit>

) hMG / 1

dGW (z)
<latexit sha1_base64="G/O32kn75ZYy0QcoLvOmTWsylrc="></latexit><latexit sha1_base64="G/O32kn75ZYy0QcoLvOmTWsylrc="></latexit><latexit sha1_base64="G/O32kn75ZYy0QcoLvOmTWsylrc="></latexit><latexit sha1_base64="G/O32kn75ZYy0QcoLvOmTWsylrc="></latexit>



↵M0 ' 0.1+0.1
�0.1

<latexit sha1_base64="IAkIlbzhoRjDbDo+se7tXuexcvU="></latexit><latexit sha1_base64="IAkIlbzhoRjDbDo+se7tXuexcvU="></latexit><latexit sha1_base64="IAkIlbzhoRjDbDo+se7tXuexcvU="></latexit><latexit sha1_base64="IAkIlbzhoRjDbDo+se7tXuexcvU="></latexit>

↵B0 ' 0.2+0.2
�0.2

<latexit sha1_base64="dscKJzs+6H4sDA2y3zi/fw8gdbY="></latexit><latexit sha1_base64="dscKJzs+6H4sDA2y3zi/fw8gdbY="></latexit><latexit sha1_base64="dscKJzs+6H4sDA2y3zi/fw8gdbY="></latexit><latexit sha1_base64="dscKJzs+6H4sDA2y3zi/fw8gdbY="></latexit>

↵
M

0
<latexit sha1_base64="GgOrw+OMDAPsFKsvFhKqUZ4MIlg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AGspku2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NwLDBJeshRwF66aaQRIJ1onGtzO/88S04Uo+4iRlYQJDyWNOAa0U9ECkI+jn9960X615dW8Od5X4BamRAs1+9as3UDRLmEQqwJjA91IMc9DIqWDTSi8zLAU6hiELLJWQMBPm85On7plVBm6stC2J7lz9PZFDYswkiWxnAjgyy95M/M8LMoyvw5zLNEMm6WJRnAkXlTv73x1wzSiKiSVANbe3unQEGijalCo2BH/55VXSvqj7Xt1/uKw1boo4yuSEnJJz4pMr0iB3pElahBJFnskreXPQeXHenY9Fa8kpZo7JHzifPxlokR4=</latexit><latexit sha1_base64="GgOrw+OMDAPsFKsvFhKqUZ4MIlg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AGspku2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NwLDBJeshRwF66aaQRIJ1onGtzO/88S04Uo+4iRlYQJDyWNOAa0U9ECkI+jn9960X615dW8Od5X4BamRAs1+9as3UDRLmEQqwJjA91IMc9DIqWDTSi8zLAU6hiELLJWQMBPm85On7plVBm6stC2J7lz9PZFDYswkiWxnAjgyy95M/M8LMoyvw5zLNEMm6WJRnAkXlTv73x1wzSiKiSVANbe3unQEGijalCo2BH/55VXSvqj7Xt1/uKw1boo4yuSEnJJz4pMr0iB3pElahBJFnskreXPQeXHenY9Fa8kpZo7JHzifPxlokR4=</latexit><latexit sha1_base64="GgOrw+OMDAPsFKsvFhKqUZ4MIlg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AGspku2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NwLDBJeshRwF66aaQRIJ1onGtzO/88S04Uo+4iRlYQJDyWNOAa0U9ECkI+jn9960X615dW8Od5X4BamRAs1+9as3UDRLmEQqwJjA91IMc9DIqWDTSi8zLAU6hiELLJWQMBPm85On7plVBm6stC2J7lz9PZFDYswkiWxnAjgyy95M/M8LMoyvw5zLNEMm6WJRnAkXlTv73x1wzSiKiSVANbe3unQEGijalCo2BH/55VXSvqj7Xt1/uKw1boo4yuSEnJJz4pMr0iB3pElahBJFnskreXPQeXHenY9Fa8kpZo7JHzifPxlokR4=</latexit><latexit sha1_base64="GgOrw+OMDAPsFKsvFhKqUZ4MIlg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AGspku2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NwLDBJeshRwF66aaQRIJ1onGtzO/88S04Uo+4iRlYQJDyWNOAa0U9ECkI+jn9960X615dW8Od5X4BamRAs1+9as3UDRLmEQqwJjA91IMc9DIqWDTSi8zLAU6hiELLJWQMBPm85On7plVBm6stC2J7lz9PZFDYswkiWxnAjgyy95M/M8LMoyvw5zLNEMm6WJRnAkXlTv73x1wzSiKiSVANbe3unQEGijalCo2BH/55VXSvqj7Xt1/uKw1boo4yuSEnJJz4pMr0iB3pElahBJFnskreXPQeXHenY9Fa8kpZo7JHzifPxlokR4=</latexit>

↵B0
<latexit sha1_base64="viLvm5VUYfF4PVO2oOnzbngDUHk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7AekoWy2m3bpJht2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pGJVpxttMSaV7ITVcioS3UaDkvVRzGoeSd8PJ3dzvPnFthEoecZryIKajRESCUbSS36cyHdNB3nRng2rNrbsLkHXiFaQGBVqD6ld/qFgW8wSZpMb4nptikFONgkk+q/Qzw1PKJnTEfUsTGnMT5IuTZ+TCKkMSKW0rQbJQf0/kNDZmGoe2M6Y4NqveXPzP8zOMboNcJGmGPGHLRVEmCSoy/58MheYM5dQSyrSwtxI2ppoytClVbAje6svrpHNV99y693BdazSLOMpwBudwCR7cQAPuoQVtYKDgGV7hzUHnxXl3PpatJaeYOYU/cD5/AAimkRM=</latexit><latexit sha1_base64="viLvm5VUYfF4PVO2oOnzbngDUHk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7AekoWy2m3bpJht2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pGJVpxttMSaV7ITVcioS3UaDkvVRzGoeSd8PJ3dzvPnFthEoecZryIKajRESCUbSS36cyHdNB3nRng2rNrbsLkHXiFaQGBVqD6ld/qFgW8wSZpMb4nptikFONgkk+q/Qzw1PKJnTEfUsTGnMT5IuTZ+TCKkMSKW0rQbJQf0/kNDZmGoe2M6Y4NqveXPzP8zOMboNcJGmGPGHLRVEmCSoy/58MheYM5dQSyrSwtxI2ppoytClVbAje6svrpHNV99y693BdazSLOMpwBudwCR7cQAPuoQVtYKDgGV7hzUHnxXl3PpatJaeYOYU/cD5/AAimkRM=</latexit><latexit sha1_base64="viLvm5VUYfF4PVO2oOnzbngDUHk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7AekoWy2m3bpJht2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pGJVpxttMSaV7ITVcioS3UaDkvVRzGoeSd8PJ3dzvPnFthEoecZryIKajRESCUbSS36cyHdNB3nRng2rNrbsLkHXiFaQGBVqD6ld/qFgW8wSZpMb4nptikFONgkk+q/Qzw1PKJnTEfUsTGnMT5IuTZ+TCKkMSKW0rQbJQf0/kNDZmGoe2M6Y4NqveXPzP8zOMboNcJGmGPGHLRVEmCSoy/58MheYM5dQSyrSwtxI2ppoytClVbAje6svrpHNV99y693BdazSLOMpwBudwCR7cQAPuoQVtYKDgGV7hzUHnxXl3PpatJaeYOYU/cD5/AAimkRM=</latexit><latexit sha1_base64="viLvm5VUYfF4PVO2oOnzbngDUHk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7AekoWy2m3bpJht2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pGJVpxttMSaV7ITVcioS3UaDkvVRzGoeSd8PJ3dzvPnFthEoecZryIKajRESCUbSS36cyHdNB3nRng2rNrbsLkHXiFaQGBVqD6ld/qFgW8wSZpMb4nptikFONgkk+q/Qzw1PKJnTEfUsTGnMT5IuTZ+TCKkMSKW0rQbJQf0/kNDZmGoe2M6Y4NqveXPzP8zOMboNcJGmGPGHLRVEmCSoy/58MheYM5dQSyrSwtxI2ppoytClVbAje6svrpHNV99y693BdazSLOMpwBudwCR7cQAPuoQVtYKDgGV7hzUHnxXl3PpatJaeYOYU/cD5/AAimkRM=</latexit>

Best-fit:

Constraints on GR Deviations

αi∝αi0 a 

TB & Ian Harrison, in prep.
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• GWs can improve constraints on MG parameters by ~ 1 
order of magnitude over EM cosmology alone.

Conclusions

Refs: 1604.01386, 1710.06394, TB & Harrison in prep.

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z)

↵K(z), ↵B(z),

↵M (z), ↵T (z) ↵H(z)

only impacts ultra-
large scales

• Not discussed today: - graviton mass
- non-standard polarisations
- getting redshifts for GW sources


