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Role of gravitational entropy in cosmology 

What is the origin of gravitational entropy? 

BH spectroscopy and CFT thermal state
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Could the total entropy decrease?

YES
(non-equilibrium situations)



Jarzynski equality
non-equilibrium paths

Entropy decreases with small probability!

equilibrium state A

equilibrium state B
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p ⇠ e�S ⌧ 1 (�S < 0)

inverse temperature
free energy work

Jarzynski (1997)
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Entropy (B) - Entropy (A)



Cosmological horizon is no exception!
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V (�0)
<latexit sha1_base64="YU5NsuQZSAMB/FQZmDW4dWwWquU=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiDEyzAjEs0t6MVjBLNIMoSeTk/SpLtn6O4RwpCv8OJBEa9+jjf/xs4iuD4oeLxXRVW9MOFMG897d3JLyyura/n1wsbm1vZOcXevqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upz6rTuqNIvljRknNBB4IFnECDZWum2Wu8mQ9fzjXrHkuVXPr1Z89Jv4rjdDCRao94pv3X5MUkGlIRxr3fG9xAQZVoYRTieFbqppgskID2jHUokF1UE2O3iCjqzSR1GsbEmDZurXiQwLrccitJ0Cm6H+6U3Fv7xOaqLzIGMySQ2VZL4oSjkyMZp+j/pMUWL42BJMFLO3IjLEChNjMyrYED4/Rf+T5onrV1zv+rRUu1jEkYcDOIQy+HAGNbiCOjSAgIB7eIQnRzkPzrPzMm/NOYuZffgG5/UDH+OP+w==</latexit>

V (�1)

<latexit sha1_base64="4xCBL7+IoGn4/kkdGyHvYOyiTUc=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1iEdhMmItWCi6IblxVsK7QhTKaTduhkEmYmQgkFf8WNC0Xc+h3u/BunbQSfBy4czrmXe+8JEs6URujdKiwsLi2vFFdLa+sbm1v29k5bxakktEViHsubACvKmaAtzTSnN4mkOAo47QSji6nfuaVSsVhc63FCvQgPBAsZwdpIvr3XrvSSIfNRFZ7BnLtV3y4jp47ces2Fv4nroBnKIEfTt996/ZikERWacKxU10WJ9jIsNSOcTkq9VNEEkxEe0K6hAkdUedns/Ak8NEofhrE0JTScqV8nMhwpNY4C0xlhPVQ/van4l9dNdXjqZUwkqaaCzBeFKYc6htMsYJ9JSjQfG4KJZOZWSIZYYqJNYiUTwuen8H/SPnLcmoOujsuN8zyOItgHB6ACXHACGuASNEELEJCBe/AInqw768F6tl7mrQUrn9kF32C9fgCLEJPz</latexit>

V (�0) < V (�1)

cosmological horizon

shrink

Bekenstein Hawking entropy decreases!
<latexit sha1_base64="2xozUS3nyR2zKBifrxkdV7pNwGI=">AAAB83icdVDJSgNBEO2JW4xb1KOXxiB4GnpEogEPQT14jGgWyAyhp1NJmvT0DN09QhjyG148KOLVn/Hm39hZBNcHBY/3qqiqFyaCa0PIu5NbWFxaXsmvFtbWNza3its7DR2nikGdxSJWrZBqEFxC3XAjoJUooFEooBkOLyZ+8w6U5rG8NaMEgoj2Je9xRo2VfP8ShKH4Bp9h0imWiFshXqXs4d/Ec8kUJTRHrVN887sxSyOQhgmqddsjiQkyqgxnAsYFP9WQUDakfWhbKmkEOsimN4/xgVW6uBcrW9Lgqfp1IqOR1qMotJ0RNQP905uIf3nt1PROg4zLJDUg2WxRLxXYxHgSAO5yBcyIkSWUKW5vxWxAFWXGxlSwIXx+iv8njSPXK7vk+rhUPZ/HkUd7aB8dIg+doCq6QjVURwwl6B49oicndR6cZ+dl1ppz5jO76Buc1w90jZCq</latexit>

�S < 0

What if a black hole is involved?
Gregory, Moss, NO (2020)

HM transition without BH
Hawking-Moss transition

A BH behaves like a catalyst for vacuum transition!!

Hawking and Moss (1982)



A

<latexit sha1_base64="DgvOctbO/kugA1WMvtGf5Y2gftM=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiDEyzAjIZpb0IvHCGaBZAg9nZ6kSU9P090jhCEf4cWDIl79Hm/+jZ1FcH1Q8Hiviqp6oeRMG897d3Irq2vrG/nNwtb2zu5ecf+gpZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4vpr57TuqNEvErZlIGsR4KFjECDZWarfKPTlip/1iyXNrnl+r+ug38V1vjhIs0egX33qDhKQxFYZwrHXX96QJMqwMI5xOC71UU4nJGA9p11KBY6qDbH7uFJ1YZYCiRNkSBs3VrxMZjrWexKHtjLEZ6Z/eTPzL66YmuggyJmRqqCCLRVHKkUnQ7Hc0YIoSwyeWYKKYvRWREVaYGJtQwYbw+Sn6n7TOXL/qejeVUv1yGUcejuAYyuDDOdThGhrQBAJjuIdHeHKk8+A8Oy+L1pyznDmEb3BePwD2fo9X</latexit>

V (�)

<latexit sha1_base64="s3DyNRn5/JdGHoq5fgfedYDMLN4=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchUSk2l3RjcsK9gFtKJPppBk6MwkzE6GE/oIbF4q49Yfc+TdO2go+D1w4nHMv994Tppxp43nvztLyyuraemmjvLm1vbNb2dtv6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOOrwq/c0eVZom8NZOUBgKPJIsYwaaQ+mnMBpWq59Y9v17z0W/iu94MVVigOai89YcJyQSVhnCsdc/3UhPkWBlGOJ2W+5mmKSZjPKI9SyUWVAf57NYpOrbKEEWJsiUNmqlfJ3IstJ6I0HYKbGL90yvEv7xeZqKLIGcyzQyVZL4oyjgyCSoeR0OmKDF8YgkmitlbEYmxwsTYeMo2hM9P0f+kfer6Nde7Oas2LhdxlOAQjuAEfDiHBlxDE1pAIIZ7eIQnRzgPzrPzMm9dchYzB/ANzusHhiaOkg==</latexit>

�

B

<latexit sha1_base64="HLRSWpn8E4BURGN61XxOS6tNOO8=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgasiIVLsrunFZwT6gHUomzbSxmWRIMkIp/Qc3LhRx6/+4829MH4LPAxcO59zLvfdEqeDGYvzu5ZaWV1bX8uuFjc2t7Z3i7l7DqExTVqdKKN2KiGGCS1a33ArWSjUjSSRYMxpeTv3mHdOGK3ljRykLE9KXPOaUWCc1OumAd3G3WMJ+BQeVcoB+k8DHM5RggVq3+NbpKZolTFoqiDHtAKc2HBNtORVsUuhkhqWEDkmftR2VJGEmHM+unaAjp/RQrLQradFM/ToxJokxoyRynQmxA/PTm4p/ee3MxufhmMs0s0zS+aI4E8gqNH0d9bhm1IqRI4Rq7m5FdEA0odYFVHAhfH6K/ieNEz8o+/j6tFS9WMSRhwM4hGMI4AyqcAU1qAOFW7iHR3jylPfgPXsv89act5jZh2/wXj8ArGCPNQ==</latexit>

�0
<latexit sha1_base64="QdVgldpyn9vaPalrTC46uJ65IK8=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoPgadkVieYW9OIxgnlAsoTZyWwyZnZmmZkVwpJ/8OJBEa/+jzf/xskmgs+ChqKqm+6uMOFMG897dwpLyyura8X10sbm1vZOeXevpWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2OL2d++44qzaS4MZOEBjEeChYxgo2VWr1kxPp+v1zx3Jrn16o++k1818tRgQUa/fJbbyBJGlNhCMdad30vMUGGlWGE02mpl2qaYDLGQ9q1VOCY6iDLr52iI6sMUCSVLWFQrn6dyHCs9SQObWeMzUj/9GbiX143NdF5kDGRpIYKMl8UpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2hM9P0f+kdeL6Vde7Pq3ULxZxFOEADuEYfDiDOlxBA5pA4Bbu4RGeHOk8OM/Oy7y14Cxm9uEbnNcPreSPNg==</latexit>

�1

Coleman-de Luccia  tunneling 
Coleman and de Luccia  (1980)

empty

� = �0
<latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit>

bubble nucleation

AdS

� = �0
<latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit>

� = �1
<latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit>

empty bubble nucleation

AdS
� = �0

<latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit>

� = �0
<latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit><latexit sha1_base64="RbTQ4IVKyINxNGMctrH76/Mq03k=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDRkRtQuh6MZlBfuAdiiZNNOGZjJjkimUod/hxoUibv0Yd/6NmbaCzwOXezjnXnJzgkRwbTB+dxYWl5ZXVgtrxfWNza3t0s5uQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8Cr3myOmNI/lrRknzI9IX/KQU2Ks5HeSAUcXKG9d3C2VsVvBXuXUQ7+J5+IpyjBHrVt66/RimkZMGiqI1m0PJ8bPiDKcCjYpdlLNEkKHpM/alkoSMe1n06Mn6NAqPRTGypY0aKp+3chIpPU4CuxkRMxA//Ry8S+vnZrw3M+4TFLDJJ09FKYCmRjlCaAeV4waMbaEUMXtrYgOiCLU2JyKNoTPn6L/SePY9bDr3ZyUq5fzOAqwDwdwBB6cQRWuoQZ1oHAH9/AIT87IeXCenZfZ6IIz39mDb3BePwDxVpGQ</latexit>

� = �1
<latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit><latexit sha1_base64="0SlYuJW9jXV3DfbSxYPsRCMXfnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQS9C0YvHCvYD2qVk09k2NJtdk2yhlP4OLx4U8eqP8ea/MdvuQVsfDPN4b4ZMXpAIro3rfjuFtfWNza3idmlnd2//oHx41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6C7zW2NUmsfy0UwS9CM6kDzkjBor+d1kyMkNyVrP65UrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8adUGc4EzkrdVGNC2YgOsGOppBFqfzo/ekbOrNInYaxsSUPm6u+NKY20nkSBnYyoGeplLxP/8zqpCa/9KZdJalCyxUNhKoiJSZYA6XOFzIiJJZQpbm8lbEgVZcbmVLIheMtfXiXNi6rnVr2Hy0rtNo+jCCdwCufgwRXU4B7q0AAGT/AMr/DmjJ0X5935WIwWnHznGP7A+fwBgeKRQw==</latexit>

Decay rate 
enhanced!!

BH
Gregory et al. (2013)



Running coupling

Degrassi et al. (2013)

The Higgs self-coupling can be negative at high energies.
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<latexit sha1_base64="VgH9SGSoT+AaIA4y3iU7rXTHwiA="></latexit><latexit sha1_base64="VgH9SGSoT+AaIA4y3iU7rXTHwiA="></latexit><latexit sha1_base64="VgH9SGSoT+AaIA4y3iU7rXTHwiA="></latexit><latexit sha1_base64="VgH9SGSoT+AaIA4y3iU7rXTHwiA="></latexit>

We are here
Second minimum?



BH catalyzing effect and the Higgs metastability
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⌃/MPl = 1.3⇥ 10�5
<latexit sha1_base64="v1K5PvbyYu8merDdxtDVfnMQiXQ=">AAACFHicbVDJSgNBEO1xjXGLevTSGARBjDOJohch6MWLENEskBmHnk4nadKz0F0jhmE+wou/4sWDIl49ePNv7CwHTXxQ8Hiviqp6XiS4AtP8NmZm5+YXFjNL2eWV1bX13MZmTYWxpKxKQxHKhkcUEzxgVeAgWCOSjPieYHWvdzHw6/dMKh4Gt9CPmOOTTsDbnBLQkpvbt294xyf4EF+5iQ3sAZKKSFN8hq1CCdvAfaawZd4lB8epm8ubBXMIPE2sMcmjMSpu7stuhTT2WQBUEKWalhmBkxAJnAqWZu1YsYjQHumwpqYB0cucZPhUine10sLtUOoKAA/V3xMJ8ZXq+57u9Al01aQ3EP/zmjG0T52EB1EMLKCjRe1YYAjxICHc4pJREH1NCJVc34ppl0hCQeeY1SFYky9Pk1qxYJUKxeujfPl8HEcGbaMdtIcsdILK6BJVUBVR9Iie0St6M56MF+Pd+Bi1zhjjmS30B8bnD1RGnHg=</latexit>

a/GM

a ' 0.93GM
<latexit sha1_base64="wtVAk+K20+tIPuOLUOhrvVXj24I=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkKignoretCLUMF+QBvKZrtpl+4mcXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0q77rdVWFpeWV0rrpc2Nre2y/bObkPFqSS0TmIey1aAFeUsonXNNKetRFIsAk6bwfBq4jcfqVQsju71KKG+wP2IhYxgbaSuXcYdxQR9QK5zcYKub7t2xXXcKdAi8XJSgRy1rv3V6cUkFTTShGOl2p6baD/DUjPC6bjUSRVNMBniPm0bGmFBlZ9NDx+jQ6P0UBhLU5FGU/X3RIaFUiMRmE6B9UDNexPxP6+d6vDcz1iUpJpGZLYoTDnSMZqkgHpMUqL5yBBMJDO3IjLAEhNtsiqZELz5lxdJ49jxXMe7O61UL/M4irAPB3AEHpxBFW6gBnUgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPms2Ruw==</latexit><latexit sha1_base64="wtVAk+K20+tIPuOLUOhrvVXj24I=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkKignoretCLUMF+QBvKZrtpl+4mcXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0q77rdVWFpeWV0rrpc2Nre2y/bObkPFqSS0TmIey1aAFeUsonXNNKetRFIsAk6bwfBq4jcfqVQsju71KKG+wP2IhYxgbaSuXcYdxQR9QK5zcYKub7t2xXXcKdAi8XJSgRy1rv3V6cUkFTTShGOl2p6baD/DUjPC6bjUSRVNMBniPm0bGmFBlZ9NDx+jQ6P0UBhLU5FGU/X3RIaFUiMRmE6B9UDNexPxP6+d6vDcz1iUpJpGZLYoTDnSMZqkgHpMUqL5yBBMJDO3IjLAEhNtsiqZELz5lxdJ49jxXMe7O61UL/M4irAPB3AEHpxBFW6gBnUgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPms2Ruw==</latexit><latexit sha1_base64="wtVAk+K20+tIPuOLUOhrvVXj24I=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkKignoretCLUMF+QBvKZrtpl+4mcXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0q77rdVWFpeWV0rrpc2Nre2y/bObkPFqSS0TmIey1aAFeUsonXNNKetRFIsAk6bwfBq4jcfqVQsju71KKG+wP2IhYxgbaSuXcYdxQR9QK5zcYKub7t2xXXcKdAi8XJSgRy1rv3V6cUkFTTShGOl2p6baD/DUjPC6bjUSRVNMBniPm0bGmFBlZ9NDx+jQ6P0UBhLU5FGU/X3RIaFUiMRmE6B9UDNexPxP6+d6vDcz1iUpJpGZLYoTDnSMZqkgHpMUqL5yBBMJDO3IjLAEhNtsiqZELz5lxdJ49jxXMe7O61UL/M4irAPB3AEHpxBFW6gBnUgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPms2Ruw==</latexit><latexit sha1_base64="wtVAk+K20+tIPuOLUOhrvVXj24I=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkKignoretCLUMF+QBvKZrtpl+4mcXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0q77rdVWFpeWV0rrpc2Nre2y/bObkPFqSS0TmIey1aAFeUsonXNNKetRFIsAk6bwfBq4jcfqVQsju71KKG+wP2IhYxgbaSuXcYdxQR9QK5zcYKub7t2xXXcKdAi8XJSgRy1rv3V6cUkFTTShGOl2p6baD/DUjPC6bjUSRVNMBniPm0bGmFBlZ9NDx+jQ6P0UBhLU5FGU/X3RIaFUiMRmE6B9UDNexPxP6+d6vDcz1iUpJpGZLYoTDnSMZqkgHpMUqL5yBBMJDO3IjLAEhNtsiqZELz5lxdJ49jxXMe7O61UL/M4irAPB3AEHpxBFW6gBnUgkMIzvMKb9WS9WO/Wx6y1YOUze/AH1ucPms2Ruw==</latexit>

SE
<latexit sha1_base64="DhadDIt6PP5B7iYiZ7LZ3cVmxCg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegCB4jmgdklzA7mU2GzD6Y6RXDsr/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1vq7Syura+Ud6sbG3v7O5V9w/aOk4V4y0Wy1h1faq5FBFvoUDJu4niNPQl7/jj66nfeeRKizh6wEnCvZAOIxEIRtFI7n0/c5E/YXaT5/1qza7bM5Bl4hSkBgWa/eqXO4hZGvIImaRa9xw7QS+jCgWTPK+4qeYJZWM65D1DIxpy7WWzm3NyYpQBCWJlKkIyU39PZDTUehL6pjOkONKL3lT8z+ulGFx6mYiSFHnE5ouCVBKMyTQAMhCKM5QTQyhTwtxK2IgqytDEVDEhOIsvL5P2Wd2x687dea1xVcRRhiM4hlNw4AIacAtNaAGDBJ7hFd6s1Hqx3q2PeWvJKmYO4Q+szx+B3pH6</latexit><latexit sha1_base64="DhadDIt6PP5B7iYiZ7LZ3cVmxCg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegCB4jmgdklzA7mU2GzD6Y6RXDsr/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1vq7Syura+Ud6sbG3v7O5V9w/aOk4V4y0Wy1h1faq5FBFvoUDJu4niNPQl7/jj66nfeeRKizh6wEnCvZAOIxEIRtFI7n0/c5E/YXaT5/1qza7bM5Bl4hSkBgWa/eqXO4hZGvIImaRa9xw7QS+jCgWTPK+4qeYJZWM65D1DIxpy7WWzm3NyYpQBCWJlKkIyU39PZDTUehL6pjOkONKL3lT8z+ulGFx6mYiSFHnE5ouCVBKMyTQAMhCKM5QTQyhTwtxK2IgqytDEVDEhOIsvL5P2Wd2x687dea1xVcRRhiM4hlNw4AIacAtNaAGDBJ7hFd6s1Hqx3q2PeWvJKmYO4Q+szx+B3pH6</latexit><latexit sha1_base64="DhadDIt6PP5B7iYiZ7LZ3cVmxCg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegCB4jmgdklzA7mU2GzD6Y6RXDsr/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1vq7Syura+Ud6sbG3v7O5V9w/aOk4V4y0Wy1h1faq5FBFvoUDJu4niNPQl7/jj66nfeeRKizh6wEnCvZAOIxEIRtFI7n0/c5E/YXaT5/1qza7bM5Bl4hSkBgWa/eqXO4hZGvIImaRa9xw7QS+jCgWTPK+4qeYJZWM65D1DIxpy7WWzm3NyYpQBCWJlKkIyU39PZDTUehL6pjOkONKL3lT8z+ulGFx6mYiSFHnE5ouCVBKMyTQAMhCKM5QTQyhTwtxK2IgqytDEVDEhOIsvL5P2Wd2x687dea1xVcRRhiM4hlNw4AIacAtNaAGDBJ7hFd6s1Hqx3q2PeWvJKmYO4Q+szx+B3pH6</latexit><latexit sha1_base64="DhadDIt6PP5B7iYiZ7LZ3cVmxCg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegCB4jmgdklzA7mU2GzD6Y6RXDsr/hxYMiXv0Zb/6Nk2QPmljQUFR1093lJ1JotO1vq7Syura+Ud6sbG3v7O5V9w/aOk4V4y0Wy1h1faq5FBFvoUDJu4niNPQl7/jj66nfeeRKizh6wEnCvZAOIxEIRtFI7n0/c5E/YXaT5/1qza7bM5Bl4hSkBgWa/eqXO4hZGvIImaRa9xw7QS+jCgWTPK+4qeYJZWM65D1DIxpy7WWzm3NyYpQBCWJlKkIyU39PZDTUehL6pjOkONKL3lT8z+ulGFx6mYiSFHnE5ouCVBKMyTQAMhCKM5QTQyhTwtxK2IgqytDEVDEhOIsvL5P2Wd2x687dea1xVcRRhiM4hlNw4AIacAtNaAGDBJ7hFd6s1Hqx3q2PeWvJKmYO4Q+szx+B3pH6</latexit>

rs = 103`Pl, H = 1⇥ 10�4
MPl,⌃ = 1.5⇥ 10�5

MPl
<latexit sha1_base64="CITsHA+oyzpI8+PzWXi8/8/Gj3k="></latexit><latexit sha1_base64="CITsHA+oyzpI8+PzWXi8/8/Gj3k="></latexit><latexit sha1_base64="CITsHA+oyzpI8+PzWXi8/8/Gj3k="></latexit><latexit sha1_base64="CITsHA+oyzpI8+PzWXi8/8/Gj3k="></latexit>
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our Universe destroyed
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Hawking radiation

tunneling
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e�S

decrement of the Bekenstein-Hawking entropy

Parikh et al. (1999)



What we can learn

quantum mechanics in gravity

non-equilibrium statistical mechanics
[Jarzynski equality]
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p ⇠ e�S
transition probability

gravitational entropy plays an important role in phenomenology

Constraints on cosmological models and

the parameters of the (beyond) Standard Model



Role of gravitational entropy in cosmology 

What is the origin of gravitational entropy? 

BH spectroscopy and CFT thermal state
Ongoing work

Gregory, Moss, NO (2020) 2003.04927
Gregory, Moss, NO, Patrick (2020) 2007.11428

Gregory, Moss, NO, Patrick (in preparation)

NO, Afshordi, Mukohyama (2021) 2102.01741

NO, Wang, Afshordi (2019) 1905.00464

NO, Tsuna, Afshordi (2020) 2004.06276
Abedi, Afshordi, NO, Wang (2020) 2001.09553

NO, Ueda, Yamaguchi, (2019) 1909.01378



1. microstructure which breaks the Lorentz symmetry

2. microstructure which is an ensemble of two level systems

Superradiance of Primordial Black Holes (PBHs)

IN

OUT

GW echoes from BH ringing (late-time GW signal from binary black hole merger)

BH

amplification in scattering process

GW echoes

BBH

(e.g. Horava-Lifshitz quantum gravity)

NO, Afshordi, Mukohyama (2021)

NO, Wang, Afshordi (2019)
NO, Tsuna, Afshordi (2020)

Abedi, Afshordi, NO, Wang (2020)



Lifshitz scaling
Anisotropy between space and time
x ! bx
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t ! bzt
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Applying this to quantum gravity theory,

it becomes a renormalizable theory in a power-counting level.

Horava (2009)

Afterwards, the renormalizability of the (projectable) Horava-
Lifhshitz gravity was performed! Barvinsky et al. (2015)



dispersion relation 
in the Horava-Lifshitz quantum gravity

GR at high energy

!2 = k2
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HL at high energy
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M2
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!2 = ⌅6k
6 + ⌅4k

4 + k2
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1. HL gravity solves the Horizon problem in cosmology

and leads to the scale-invariant perturbations


(alternative to inflation)

2. HL gravity has no Hamiltonian constraint 

  → cold dark matter as integration constant

HL quantum gravity is consistent with observational cosmology!!

Mukohyama (2009), Kiritsis et al. (2009)

Mukohyama (2009)



Lifshitz scaling and Hawking radiation

Hawking radiation

Scattering around a BH
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N(!) =
�(!)

e(!�µ)/T � 1
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µ
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: chemical potential

determined by the reflectivity of a BH

greybody factor



superradiance around a Schwarzschild BH
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` = 4
<latexit sha1_base64="oppUYqIFrdDYkM3eDF863Qqn/S4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUC9C0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lo5km6Ed0JHnIGTVW6vRRiBtSG5QrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwms/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddK+qnpu1XuoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFdYo7q</latexit><latexit sha1_base64="oppUYqIFrdDYkM3eDF863Qqn/S4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUC9C0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lo5km6Ed0JHnIGTVW6vRRiBtSG5QrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwms/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddK+qnpu1XuoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFdYo7q</latexit><latexit sha1_base64="oppUYqIFrdDYkM3eDF863Qqn/S4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUC9C0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lo5km6Ed0JHnIGTVW6vRRiBtSG5QrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwms/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddK+qnpu1XuoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFdYo7q</latexit><latexit sha1_base64="oppUYqIFrdDYkM3eDF863Qqn/S4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUC9C0YvHCvYD2lA220m7dLMJuxuhhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjf3O0+oNI/lo5km6Ed0JHnIGTVW6vRRiBtSG5QrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJH2LNU0gi1ny3OnZELqwxJGCtb0pCF+nsio5HW0yiwnRE1Y73qzcX/vF5qwms/4zJJDUq2XBSmgpiYzH8nQ66QGTG1hDLF7a2EjamizNiESjYEb/XlddK+qnpu1XuoVRq3eRxFOINzuAQP6tCAe2hCCxhM4Ble4c1JnBfn3flYthacfOYU/sD5/AFdYo7q</latexit>×

+

superradiance

NO, Afshordi, Mukohyama (2021)



Future observations to probe Lifshitz scaling
Evaporation of PBHs

[Inomata et al. (2020)]

An interesting issue:

Spectrum induced GWs caused by the PBH evaporation 
is drastically modified by the Lifshitz scaling.

induce curvature perturbations

induce GW

Observation of DECIGO / BBO

changes the evaporation rate



1. microstructure which breaks the Lorentz symmetry

2. microstructure which is an ensemble of two level systems

Superradiance of Primordial Black Holes (PBHs)

IN

OUT

GW echoes from BH ringing (late-time GW signal from binary black hole merger)

BH

amplification in scattering process

GW echoes

BBH

(e.g. Horava-Lifshitz quantum gravity)

NO, Afshordi, Mukohyama (2021)

NO, Wang, Afshordi (2019)
NO, Tsuna, Afshordi (2020)

Abedi, Afshordi, NO, Wang (2020)



Thermality of horizon Padmanabhan (2019)

Hartle & Hawking (1976)
Path integral approach

t
<latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit>

x
<latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit>

Future

Right

Rindler horizon

x1
<latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit>

x2
<latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit>

x1
<latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit><latexit sha1_base64="jxOQCxECv5lz4G9go5IAGG22AL8=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkRUXMLevEY0TwgWcLsZDYZMju7zMyKYcknePGgiFe/yJt/42QTwWdBQ1HVTXdXkAiujee9O4WFxaXlleJqaW19Y3OrvL3T1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rVumNI/ljRknzI/IQPKQU2KsdH3Xw71yxXOrHq6eYPSbYNfLUYE56r3yW7cf0zRi0lBBtO5gLzF+RpThVLBJqZtqlhA6IgPWsVSSiGk/y0+doAOr9FEYK1vSoFz9OpGRSOtxFNjOiJih/ulNxb+8TmrCMz/jMkkNk3S2KEwFMjGa/o36XDFqxNgSQhW3tyI6JIpQY9Mp2RA+P0X/k+aRiz0XXx1XaufzOIqwB/twCBhOoQaXUIcGUBjAPTzCkyOcB+fZeZm1Fpz5zC58g/P6AXyoje4=</latexit>

x2
<latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit><latexit sha1_base64="U4RDeWpnELSMZx9lbk/mjda8p/A=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0wQNbegF48RzQLJEHo6PUmTnp6hu0YMIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphKoVBz3t3FhaXlldWc2v59Y3Nre3Czm7dJJlmvMYSmehmSA2XQvEaCpS8mWpO41DyRji4mPiNW66NSNQNDlMexLSnRCQYRStd33VKnULRc8ueXz7xyW/iu94URZij2im8tbsJy2KukElqTMv3UgxGVKNgko/z7czwlLIB7fGWpYrG3ASj6aljcmiVLokSbUshmapfJ0Y0NmYYh7Yzptg3P72J+JfXyjA6C0ZCpRlyxWaLokwSTMjkb9IVmjOUQ0so08LeSlifasrQppO3IXx+Sv4n9ZLre65/dVysnM/jyME+HMAR+HAKFbiEKtSAQQ/u4RGeHOk8OM/Oy6x1wZnP7ME3OK8ffiyN7w==</latexit>

case 1case 2
�!

<latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit>

+!
<latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit>

�!
<latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit><latexit sha1_base64="RlPOEAim2e+NyxxRt9hDSbG6FS4=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBC8uOwmMTG3oBePEcwDkiXMTjrJkJmdZWZWCEs+wosHRbz6Pd78GycPQUULGoqqbrq7wpgzbTzvw1lZXVvf2MxsZbd3dvf2cweHTS0TRaFBJZeqHRINnEXQMMxwaMcKiAg5tMLx9cxv3YPSTEZ3ZhJDIMgwYgNGibFS67wrBQxJL5f3XL/oF0sX2HOr1Wq5UrHEKxTLhRL2XW+OPFqi3su9d/uSJgIiQznRuuN7sQlSogyjHKbZbqIhJnRMhtCxNCICdJDOz53iU6v08UAqW5HBc/X7REqE1hMR2k5BzEj/9mbiX14nMYPLIGVRnBiI6GLRIOHYSDz7HfeZAmr4xBJCFbO3YjoiilBjE8raEL4+xf+TZsH1bVa3pXztahlHBh2jE3SGfFRBNXSD6qiBKBqjB/SEnp3YeXRenNdF64qznDlCP+C8fQJvnI+j</latexit>

+!
<latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit><latexit sha1_base64="TjIYtmGbF5EZtYG5YXnenlqNkfw=">AAAB7nicdVDLSgMxFM34rPVVdekmWARBGDJ1aOuu6MZlBfuAdiiZNNOGZpIhyQhl6Ee4caGIW7/HnX9jpq2gogcuHM65l3vvCRPOtEHow1lZXVvf2CxsFbd3dvf2SweHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wcp37nXuqNJPizkwTGsR4JFjECDZW6pz3ZUxHeFAqI/eyXq34VYhchGpexctJpeZf+NCzSo4yWKI5KL33h5KkMRWGcKx1z0OJCTKsDCOczor9VNMEkwke0Z6lAsdUB9n83Bk8tcoQRlLZEgbO1e8TGY61nsah7YyxGevfXi7+5fVSE9WDjIkkNVSQxaIo5dBImP8Oh0xRYvjUEkwUs7dCMsYKE2MTKtoQvj6F/5N2xfWQ69365cbVMo4COAYn4Ax4oAYa4AY0QQsQMAEP4Ak8O4nz6Lw4r4vWFWc5cwR+wHn7BFdrj5I=</latexit> A(!) =

Z
d⌧G(⌧)e�i!⌧

<latexit sha1_base64="CoepcgOQuKeKAchCbwDIvMLXXOI=">AAACG3icdVDLSgMxFM34rPVVdekmWIR24TBTRO1CqLrQZQX7gE4tmcxtG5p5kGSEMvQ/3Pgrblwo4kpw4d+YaSv4vBByOOdc7r3HjTiTyrLejZnZufmFxcxSdnlldW09t7FZl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzBWao3bkBIFgZXahhB2ye9gHUZJUpTnVzpBBec0IceKeJj7LBAYc9RJMbnhfQrYrhO9tjEgVNmhDu5vGWWLbt8YOPfwDatceXRtKqd3KvjhTT2IVCUEylbthWpdkKEYpTDKOvEEiJCB6QHLQ0D4oNsJ+PbRnhXMx7uhkI/vdyY/dqREF/Koe9qp09UX/7UUvIvrRWr7lE7YUEUKwjoZFA35liFOA0Ke0wAVXyoAaGC6V0x7RNBqNJxZnUIn5fi/0G9ZNqWaV/u5yun0zgyaBvtoAKy0SGqoAtURTVE0S26R4/oybgzHoxn42VinTGmPVvoWxlvH7sgn2w=</latexit><latexit sha1_base64="CoepcgOQuKeKAchCbwDIvMLXXOI=">AAACG3icdVDLSgMxFM34rPVVdekmWIR24TBTRO1CqLrQZQX7gE4tmcxtG5p5kGSEMvQ/3Pgrblwo4kpw4d+YaSv4vBByOOdc7r3HjTiTyrLejZnZufmFxcxSdnlldW09t7FZl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzBWao3bkBIFgZXahhB2ye9gHUZJUpTnVzpBBec0IceKeJj7LBAYc9RJMbnhfQrYrhO9tjEgVNmhDu5vGWWLbt8YOPfwDatceXRtKqd3KvjhTT2IVCUEylbthWpdkKEYpTDKOvEEiJCB6QHLQ0D4oNsJ+PbRnhXMx7uhkI/vdyY/dqREF/Koe9qp09UX/7UUvIvrRWr7lE7YUEUKwjoZFA35liFOA0Ke0wAVXyoAaGC6V0x7RNBqNJxZnUIn5fi/0G9ZNqWaV/u5yun0zgyaBvtoAKy0SGqoAtURTVE0S26R4/oybgzHoxn42VinTGmPVvoWxlvH7sgn2w=</latexit><latexit sha1_base64="CoepcgOQuKeKAchCbwDIvMLXXOI=">AAACG3icdVDLSgMxFM34rPVVdekmWIR24TBTRO1CqLrQZQX7gE4tmcxtG5p5kGSEMvQ/3Pgrblwo4kpw4d+YaSv4vBByOOdc7r3HjTiTyrLejZnZufmFxcxSdnlldW09t7FZl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzBWao3bkBIFgZXahhB2ye9gHUZJUpTnVzpBBec0IceKeJj7LBAYc9RJMbnhfQrYrhO9tjEgVNmhDu5vGWWLbt8YOPfwDatceXRtKqd3KvjhTT2IVCUEylbthWpdkKEYpTDKOvEEiJCB6QHLQ0D4oNsJ+PbRnhXMx7uhkI/vdyY/dqREF/Koe9qp09UX/7UUvIvrRWr7lE7YUEUKwjoZFA35liFOA0Ke0wAVXyoAaGC6V0x7RNBqNJxZnUIn5fi/0G9ZNqWaV/u5yun0zgyaBvtoAKy0SGqoAtURTVE0S26R4/oybgzHoxn42VinTGmPVvoWxlvH7sgn2w=</latexit><latexit sha1_base64="CoepcgOQuKeKAchCbwDIvMLXXOI=">AAACG3icdVDLSgMxFM34rPVVdekmWIR24TBTRO1CqLrQZQX7gE4tmcxtG5p5kGSEMvQ/3Pgrblwo4kpw4d+YaSv4vBByOOdc7r3HjTiTyrLejZnZufmFxcxSdnlldW09t7FZl2EsKNRoyEPRdIkEzgKoKaY4NCMBxHc5NNzBWao3bkBIFgZXahhB2ye9gHUZJUpTnVzpBBec0IceKeJj7LBAYc9RJMbnhfQrYrhO9tjEgVNmhDu5vGWWLbt8YOPfwDatceXRtKqd3KvjhTT2IVCUEylbthWpdkKEYpTDKOvEEiJCB6QHLQ0D4oNsJ+PbRnhXMx7uhkI/vdyY/dqREF/Koe9qp09UX/7UUvIvrRWr7lE7YUEUKwjoZFA35liFOA0Ke0wAVXyoAaGC6V0x7RNBqNJxZnUIn5fi/0G9ZNqWaV/u5yun0zgyaBvtoAKy0SGqoAtURTVE0S26R4/oybgzHoxn42VinTGmPVvoWxlvH7sgn2w=</latexit>

Amplitude of propagation with E=ω from x1 to x2

A(!) = A(�!)
<latexit sha1_base64="16zFj6kaIKSS4NknAwzVEV/vpjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2AR6sJhRkTtQmh147KCrYV2KJk004ZmkiHJCGXswl9x40IRt/6GO//GtB3B54ELJ+fcS+49Qcyo0q77buVmZufmF/KLhaXlldU1e32joUQiMaljwYRsBkgRRjmpa6oZacaSoChg5DoYnI/96xsiFRX8Sg9j4keox2lIMdJG6thb1VJbRKSH9uAprJb2s0fHLrpO2fXKRx78TTzHnaAIMtQ69lu7K3ASEa4xQ0q1PDfWfoqkppiRUaGdKBIjPEA90jKUo4goP53sP4K7RunCUEhTXMOJ+nUiRZFSwygwnRHSffXTG4t/ea1Ehyd+SnmcaMLx9KMwYVALOA4DdqkkWLOhIQhLanaFuI8kwtpEVjAhfF4K/yeNA8dzHe/ysFg5y+LIg22wA0rAA8egAi5ADdQBBrfgHjyCJ+vOerCerZdpa87KZjbBN1ivH2YBlG0=</latexit><latexit sha1_base64="16zFj6kaIKSS4NknAwzVEV/vpjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2AR6sJhRkTtQmh147KCrYV2KJk004ZmkiHJCGXswl9x40IRt/6GO//GtB3B54ELJ+fcS+49Qcyo0q77buVmZufmF/KLhaXlldU1e32joUQiMaljwYRsBkgRRjmpa6oZacaSoChg5DoYnI/96xsiFRX8Sg9j4keox2lIMdJG6thb1VJbRKSH9uAprJb2s0fHLrpO2fXKRx78TTzHnaAIMtQ69lu7K3ASEa4xQ0q1PDfWfoqkppiRUaGdKBIjPEA90jKUo4goP53sP4K7RunCUEhTXMOJ+nUiRZFSwygwnRHSffXTG4t/ea1Ehyd+SnmcaMLx9KMwYVALOA4DdqkkWLOhIQhLanaFuI8kwtpEVjAhfF4K/yeNA8dzHe/ysFg5y+LIg22wA0rAA8egAi5ADdQBBrfgHjyCJ+vOerCerZdpa87KZjbBN1ivH2YBlG0=</latexit><latexit sha1_base64="16zFj6kaIKSS4NknAwzVEV/vpjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2AR6sJhRkTtQmh147KCrYV2KJk004ZmkiHJCGXswl9x40IRt/6GO//GtB3B54ELJ+fcS+49Qcyo0q77buVmZufmF/KLhaXlldU1e32joUQiMaljwYRsBkgRRjmpa6oZacaSoChg5DoYnI/96xsiFRX8Sg9j4keox2lIMdJG6thb1VJbRKSH9uAprJb2s0fHLrpO2fXKRx78TTzHnaAIMtQ69lu7K3ASEa4xQ0q1PDfWfoqkppiRUaGdKBIjPEA90jKUo4goP53sP4K7RunCUEhTXMOJ+nUiRZFSwygwnRHSffXTG4t/ea1Ehyd+SnmcaMLx9KMwYVALOA4DdqkkWLOhIQhLanaFuI8kwtpEVjAhfF4K/yeNA8dzHe/ysFg5y+LIg22wA0rAA8egAi5ADdQBBrfgHjyCJ+vOerCerZdpa87KZjbBN1ivH2YBlG0=</latexit><latexit sha1_base64="16zFj6kaIKSS4NknAwzVEV/vpjU=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2AR6sJhRkTtQmh147KCrYV2KJk004ZmkiHJCGXswl9x40IRt/6GO//GtB3B54ELJ+fcS+49Qcyo0q77buVmZufmF/KLhaXlldU1e32joUQiMaljwYRsBkgRRjmpa6oZacaSoChg5DoYnI/96xsiFRX8Sg9j4keox2lIMdJG6thb1VJbRKSH9uAprJb2s0fHLrpO2fXKRx78TTzHnaAIMtQ69lu7K3ASEa4xQ0q1PDfWfoqkppiRUaGdKBIjPEA90jKUo4goP53sP4K7RunCUEhTXMOJ+nUiRZFSwygwnRHSffXTG4t/ea1Ehyd+SnmcaMLx9KMwYVALOA4DdqkkWLOhIQhLanaFuI8kwtpEVjAhfF4K/yeNA8dzHe/ysFg5y+LIg22wA0rAA8egAi5ADdQBBrfgHjyCJ+vOerCerZdpa87KZjbBN1ivH2YBlG0=</latexit>

case 1

|A(!)|2/|A(�!)|2 = exp [�!/T (a)]
<latexit sha1_base64="DvQ6izcd5qS6n2RI2ShnWe0muCI="></latexit><latexit sha1_base64="DvQ6izcd5qS6n2RI2ShnWe0muCI="></latexit><latexit sha1_base64="DvQ6izcd5qS6n2RI2ShnWe0muCI="></latexit><latexit sha1_base64="DvQ6izcd5qS6n2RI2ShnWe0muCI="></latexit>

case 2

T (a) ⌘ a

2⇡
<latexit sha1_base64="bemWi3hXsvSbmH8Uq2aHslJpiKU=">AAACA3icdVDJSgNBEK1xjXEb9aaXxiDEyzATRM0t6MVjhGyQGUJPpydp0rPY3RMIQ8CLv+LFgyJe/Qlv/o2dRXB9UPB4r4qqen7CmVS2/W4sLC4tr6zm1vLrG5tb2+bObkPGqSC0TmIei5aPJeUsonXFFKetRFAc+pw2/cHlxG8OqZAsjmpqlFAvxL2IBYxgpaWOuV8r4mPk0puUDZEbCEwyPM5KbsLGHbNgW2XbKZ866DdxLHuKAsxR7ZhvbjcmaUgjRTiWsu3YifIyLBQjnI7zbippgskA92hb0wiHVHrZ9IcxOtJKFwWx0BUpNFW/TmQ4lHIU+rozxKovf3oT8S+vnarg3MtYlKSKRmS2KEg5UjGaBIK6TFCi+EgTTATTtyLSxzoIpWPL6xA+P0X/k0bJcmzLuT4pVC7mceTgAA6hCA6cQQWuoAp1IHAL9/AIT8ad8WA8Gy+z1gVjPrMH32C8fgCFDZd5</latexit><latexit sha1_base64="bemWi3hXsvSbmH8Uq2aHslJpiKU=">AAACA3icdVDJSgNBEK1xjXEb9aaXxiDEyzATRM0t6MVjhGyQGUJPpydp0rPY3RMIQ8CLv+LFgyJe/Qlv/o2dRXB9UPB4r4qqen7CmVS2/W4sLC4tr6zm1vLrG5tb2+bObkPGqSC0TmIei5aPJeUsonXFFKetRFAc+pw2/cHlxG8OqZAsjmpqlFAvxL2IBYxgpaWOuV8r4mPk0puUDZEbCEwyPM5KbsLGHbNgW2XbKZ866DdxLHuKAsxR7ZhvbjcmaUgjRTiWsu3YifIyLBQjnI7zbippgskA92hb0wiHVHrZ9IcxOtJKFwWx0BUpNFW/TmQ4lHIU+rozxKovf3oT8S+vnarg3MtYlKSKRmS2KEg5UjGaBIK6TFCi+EgTTATTtyLSxzoIpWPL6xA+P0X/k0bJcmzLuT4pVC7mceTgAA6hCA6cQQWuoAp1IHAL9/AIT8ad8WA8Gy+z1gVjPrMH32C8fgCFDZd5</latexit><latexit sha1_base64="bemWi3hXsvSbmH8Uq2aHslJpiKU=">AAACA3icdVDJSgNBEK1xjXEb9aaXxiDEyzATRM0t6MVjhGyQGUJPpydp0rPY3RMIQ8CLv+LFgyJe/Qlv/o2dRXB9UPB4r4qqen7CmVS2/W4sLC4tr6zm1vLrG5tb2+bObkPGqSC0TmIei5aPJeUsonXFFKetRFAc+pw2/cHlxG8OqZAsjmpqlFAvxL2IBYxgpaWOuV8r4mPk0puUDZEbCEwyPM5KbsLGHbNgW2XbKZ866DdxLHuKAsxR7ZhvbjcmaUgjRTiWsu3YifIyLBQjnI7zbippgskA92hb0wiHVHrZ9IcxOtJKFwWx0BUpNFW/TmQ4lHIU+rozxKovf3oT8S+vnarg3MtYlKSKRmS2KEg5UjGaBIK6TFCi+EgTTATTtyLSxzoIpWPL6xA+P0X/k0bJcmzLuT4pVC7mceTgAA6hCA6cQQWuoAp1IHAL9/AIT8ad8WA8Gy+z1gVjPrMH32C8fgCFDZd5</latexit><latexit sha1_base64="bemWi3hXsvSbmH8Uq2aHslJpiKU=">AAACA3icdVDJSgNBEK1xjXEb9aaXxiDEyzATRM0t6MVjhGyQGUJPpydp0rPY3RMIQ8CLv+LFgyJe/Qlv/o2dRXB9UPB4r4qqen7CmVS2/W4sLC4tr6zm1vLrG5tb2+bObkPGqSC0TmIei5aPJeUsonXFFKetRFAc+pw2/cHlxG8OqZAsjmpqlFAvxL2IBYxgpaWOuV8r4mPk0puUDZEbCEwyPM5KbsLGHbNgW2XbKZ866DdxLHuKAsxR7ZhvbjcmaUgjRTiWsu3YifIyLBQjnI7zbippgskA92hb0wiHVHrZ9IcxOtJKFwWx0BUpNFW/TmQ4lHIU+rozxKovf3oT8S+vnarg3MtYlKSKRmS2KEg5UjGaBIK6TFCi+EgTTATTtyLSxzoIpWPL6xA+P0X/k0bJcmzLuT4pVC7mceTgAA6hCA6cQQWuoAp1IHAL9/AIT8ad8WA8Gy+z1gVjPrMH32C8fgCFDZd5</latexit>

Boltzmann factor

Feynman propagator

Lindler horizon     a two-level system'<latexit sha1_base64="rSQW1Ae77PdzIafUaoC18UqQ8bc=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMAskQ+jpdJI2vYzdPUIY8g9ePCji1f/x5t/YWQTXBwWP96qoqhcnnBkbBO9ebmFxaXklv1pYW9/Y3Cpu79SNSjWhNaK40s0YG8qZpDXLLKfNRFMsYk4b8fBi4jfuqDZMyWs7SmgkcF+yHiPYOqneNkzQ206xFPjlICyfhOg3Cf1gihLMUe0U39pdRVJBpSUcG9MKg8RGGdaWEU7HhXZqaILJEPdpy1GJBTVRNr12jA6c0kU9pV1Ji6bq14kMC2NGInadAtuB+elNxL+8Vmp7Z1HGZJJaKslsUS/lyCo0eR11mabE8pEjmGjmbkVkgDUm1gVUcCF8for+J/UjPwz88Oq4VDmfx5GHPdiHQwjhFCpwCVWoAYEbuIdHePKU9+A9ey+z1pw3n9mFb/BePwAioo9/</latexit><latexit sha1_base64="rSQW1Ae77PdzIafUaoC18UqQ8bc=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMAskQ+jpdJI2vYzdPUIY8g9ePCji1f/x5t/YWQTXBwWP96qoqhcnnBkbBO9ebmFxaXklv1pYW9/Y3Cpu79SNSjWhNaK40s0YG8qZpDXLLKfNRFMsYk4b8fBi4jfuqDZMyWs7SmgkcF+yHiPYOqneNkzQ206xFPjlICyfhOg3Cf1gihLMUe0U39pdRVJBpSUcG9MKg8RGGdaWEU7HhXZqaILJEPdpy1GJBTVRNr12jA6c0kU9pV1Ji6bq14kMC2NGInadAtuB+elNxL+8Vmp7Z1HGZJJaKslsUS/lyCo0eR11mabE8pEjmGjmbkVkgDUm1gVUcCF8for+J/UjPwz88Oq4VDmfx5GHPdiHQwjhFCpwCVWoAYEbuIdHePKU9+A9ey+z1pw3n9mFb/BePwAioo9/</latexit><latexit sha1_base64="rSQW1Ae77PdzIafUaoC18UqQ8bc=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMAskQ+jpdJI2vYzdPUIY8g9ePCji1f/x5t/YWQTXBwWP96qoqhcnnBkbBO9ebmFxaXklv1pYW9/Y3Cpu79SNSjWhNaK40s0YG8qZpDXLLKfNRFMsYk4b8fBi4jfuqDZMyWs7SmgkcF+yHiPYOqneNkzQ206xFPjlICyfhOg3Cf1gihLMUe0U39pdRVJBpSUcG9MKg8RGGdaWEU7HhXZqaILJEPdpy1GJBTVRNr12jA6c0kU9pV1Ji6bq14kMC2NGInadAtuB+elNxL+8Vmp7Z1HGZJJaKslsUS/lyCo0eR11mabE8pEjmGjmbkVkgDUm1gVUcCF8for+J/UjPwz88Oq4VDmfx5GHPdiHQwjhFCpwCVWoAYEbuIdHePKU9+A9ey+z1pw3n9mFb/BePwAioo9/</latexit><latexit sha1_base64="rSQW1Ae77PdzIafUaoC18UqQ8bc=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMAskQ+jpdJI2vYzdPUIY8g9ePCji1f/x5t/YWQTXBwWP96qoqhcnnBkbBO9ebmFxaXklv1pYW9/Y3Cpu79SNSjWhNaK40s0YG8qZpDXLLKfNRFMsYk4b8fBi4jfuqDZMyWs7SmgkcF+yHiPYOqneNkzQ206xFPjlICyfhOg3Cf1gihLMUe0U39pdRVJBpSUcG9MKg8RGGdaWEU7HhXZqaILJEPdpy1GJBTVRNr12jA6c0kU9pV1Ji6bq14kMC2NGInadAtuB+elNxL+8Vmp7Z1HGZJJaKslsUS/lyCo0eR11mabE8pEjmGjmbkVkgDUm1gVUcCF8for+J/UjPwz88Oq4VDmfx5GHPdiHQwjhFCpwCVWoAYEbuIdHePKU9+A9ey+z1pw3n9mFb/BePwAioo9/</latexit>

F R



Rindler horizon (local) BH horizon

<latexit sha1_base64="sQmS0dc3MmzlehE+dLx8+NdQngY=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPw4xINLegF48RzALJEHo6NUmbXsbuHiGE/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLKaW8uvb2xubRd2dutGZZpCjSqudDMmBjiTULPMcmimGoiIOTTiwcXEb9yBNkzJaztMIRKkJ1nCKLFOqrcNE3DbKRQDvxyE5VKIf5PQD6YoojmqncJbu6toJkBayokxrTBIbTQi2jLKYZxvZwZSQgekBy1HJRFgotH02jE+dEoXJ0q7khZP1a8TIyKMGYrYdQpi++anNxH/8lqZTc6iEZNpZkHS2aIk49gqPHkdd5kGavnQEUI1c7di2ieaUOsCyrsQPj/F/5P6sR+W/ODqpFg5n8eRQ/voAB2hEJ2iCrpEVVRDFN2ge/SInjzlPXjP3susdcGbz+yhb/BePwAkSI+E</latexit>'

F

R

interior

exterior

What if a BH horizon has its Boltzmann reflectivity?
GW echoes at late time

�������

0 100 200 300 400
10-7

10-5

0.001

0.100

t/rg

h

2nd echo

1st echo

ringdown GWs

1st echo for
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<latexit sha1_base64="oWV7xb2fQvll2d1CK2FPdMxw2Z4="></latexit>

| |
<latexit sha1_base64="2z31jBvyUF26UoY8wM+04AyBwz8="></latexit>

ā = 0.01
<latexit sha1_base64="x0cdLUvf9bG5QpkdyZ7GuPDBtXY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJpTJdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDYR7vzbCzL0wF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskU5S1aCIS1Q1RM8ElaxluBOumimEcCtYJx3czv/PElOaJfDSTlAUxDiWPOEVjJd8PUeU4vXHrrtev1mybg6wSryA1KNDsV7/8QUKzmElDBWrd89zUBDkqw6lg04qfaZYiHeOQ9SyVGDMd5PObp+TMKgMSJcqWNGSu/t7IMdZ6Eod2MkYz0sveTPzP62Umug5yLtPMMEkXD0WZICYhswDIgCtGjZhYglRxeyuhI1RIjY2pYkPwlr+8StoXdc+tew+XtcZtEUcZTuAUzsGDK2jAPTShBRRSeIZXeHMy58V5dz4WoyWn2DmGP3A+fwDIeZDY</latexit><latexit sha1_base64="x0cdLUvf9bG5QpkdyZ7GuPDBtXY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJpTJdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDYR7vzbCzL0wF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskU5S1aCIS1Q1RM8ElaxluBOumimEcCtYJx3czv/PElOaJfDSTlAUxDiWPOEVjJd8PUeU4vXHrrtev1mybg6wSryA1KNDsV7/8QUKzmElDBWrd89zUBDkqw6lg04qfaZYiHeOQ9SyVGDMd5PObp+TMKgMSJcqWNGSu/t7IMdZ6Eod2MkYz0sveTPzP62Umug5yLtPMMEkXD0WZICYhswDIgCtGjZhYglRxeyuhI1RIjY2pYkPwlr+8StoXdc+tew+XtcZtEUcZTuAUzsGDK2jAPTShBRRSeIZXeHMy58V5dz4WoyWn2DmGP3A+fwDIeZDY</latexit><latexit sha1_base64="x0cdLUvf9bG5QpkdyZ7GuPDBtXY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJpTJdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDYR7vzbCzL0wF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskU5S1aCIS1Q1RM8ElaxluBOumimEcCtYJx3czv/PElOaJfDSTlAUxDiWPOEVjJd8PUeU4vXHrrtev1mybg6wSryA1KNDsV7/8QUKzmElDBWrd89zUBDkqw6lg04qfaZYiHeOQ9SyVGDMd5PObp+TMKgMSJcqWNGSu/t7IMdZ6Eod2MkYz0sveTPzP62Umug5yLtPMMEkXD0WZICYhswDIgCtGjZhYglRxeyuhI1RIjY2pYkPwlr+8StoXdc+tew+XtcZtEUcZTuAUzsGDK2jAPTShBRRSeIZXeHMy58V5dz4WoyWn2DmGP3A+fwDIeZDY</latexit><latexit sha1_base64="x0cdLUvf9bG5QpkdyZ7GuPDBtXY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQ9OKxgv2AJpTJdtMu3WzC7kYooX/DiwdFvPpnvPlv3LY5aOuDYR7vzbCzL0wF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskU5S1aCIS1Q1RM8ElaxluBOumimEcCtYJx3czv/PElOaJfDSTlAUxDiWPOEVjJd8PUeU4vXHrrtev1mybg6wSryA1KNDsV7/8QUKzmElDBWrd89zUBDkqw6lg04qfaZYiHeOQ9SyVGDMd5PObp+TMKgMSJcqWNGSu/t7IMdZ6Eod2MkYz0sveTPzP62Umug5yLtPMMEkXD0WZICYhswDIgCtGjZhYglRxeyuhI1RIjY2pYkPwlr+8StoXdc+tew+XtcZtEUcZTuAUzsGDK2jAPTShBRRSeIZXeHMy58V5dz4WoyWn2DmGP3A+fwDIeZDY</latexit>

ā = 0.2
<latexit sha1_base64="VWiStciZDBb/dVgejwpLDVq+XO0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4CkkR9CIUvXisYD+gDWWy3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg5737aytb2xubZd2yrt7+weHlaPjlkkyzXiTJTLRnRAMl0LxJgqUvJNqDnEoeTsc38389hPXRiTqEScpD2IYKhEJBmilbi8EncP0xnNr/UrVc7056CrxC1IlBRr9yldvkLAs5gqZBGO6vpdikINGwSSflnuZ4SmwMQx511IFMTdBPj95Ss+tMqBRom0ppHP190QOsTGTOLSdMeDILHsz8T+vm2F0HeRCpRlyxRaLokxSTOjsfzoQmjOUE0uAaWFvpWwEGhjalMo2BH/55VXSqrm+5/oPl9X6bRFHiZySM3JBfHJF6uSeNEiTMJKQZ/JK3hx0Xpx352PRuuYUMyfkD5zPH1iQkJ8=</latexit><latexit sha1_base64="VWiStciZDBb/dVgejwpLDVq+XO0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4CkkR9CIUvXisYD+gDWWy3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg5737aytb2xubZd2yrt7+weHlaPjlkkyzXiTJTLRnRAMl0LxJgqUvJNqDnEoeTsc38389hPXRiTqEScpD2IYKhEJBmilbi8EncP0xnNr/UrVc7056CrxC1IlBRr9yldvkLAs5gqZBGO6vpdikINGwSSflnuZ4SmwMQx511IFMTdBPj95Ss+tMqBRom0ppHP190QOsTGTOLSdMeDILHsz8T+vm2F0HeRCpRlyxRaLokxSTOjsfzoQmjOUE0uAaWFvpWwEGhjalMo2BH/55VXSqrm+5/oPl9X6bRFHiZySM3JBfHJF6uSeNEiTMJKQZ/JK3hx0Xpx352PRuuYUMyfkD5zPH1iQkJ8=</latexit><latexit sha1_base64="VWiStciZDBb/dVgejwpLDVq+XO0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4CkkR9CIUvXisYD+gDWWy3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg5737aytb2xubZd2yrt7+weHlaPjlkkyzXiTJTLRnRAMl0LxJgqUvJNqDnEoeTsc38389hPXRiTqEScpD2IYKhEJBmilbi8EncP0xnNr/UrVc7056CrxC1IlBRr9yldvkLAs5gqZBGO6vpdikINGwSSflnuZ4SmwMQx511IFMTdBPj95Ss+tMqBRom0ppHP190QOsTGTOLSdMeDILHsz8T+vm2F0HeRCpRlyxRaLokxSTOjsfzoQmjOUE0uAaWFvpWwEGhjalMo2BH/55VXSqrm+5/oPl9X6bRFHiZySM3JBfHJF6uSeNEiTMJKQZ/JK3hx0Xpx352PRuuYUMyfkD5zPH1iQkJ8=</latexit><latexit sha1_base64="VWiStciZDBb/dVgejwpLDVq+XO0=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4CkkR9CIUvXisYD+gDWWy3bRLN5uwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzwlQKg5737aytb2xubZd2yrt7+weHlaPjlkkyzXiTJTLRnRAMl0LxJgqUvJNqDnEoeTsc38389hPXRiTqEScpD2IYKhEJBmilbi8EncP0xnNr/UrVc7056CrxC1IlBRr9yldvkLAs5gqZBGO6vpdikINGwSSflnuZ4SmwMQx511IFMTdBPj95Ss+tMqBRom0ppHP190QOsTGTOLSdMeDILHsz8T+vm2F0HeRCpRlyxRaLokxSTOjsfzoQmjOUE0uAaWFvpWwEGhjalMo2BH/55VXSqrm+5/oPl9X6bRFHiZySM3JBfHJF6uSeNEiTMJKQZ/JK3hx0Xpx352PRuuYUMyfkD5zPH1iQkJ8=</latexit>

ā = 0.5
<latexit sha1_base64="++okrdkTA1IF7+f8UOwe48Et5D4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSSi6EUoevFYwdpCGspmu22XbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1PBDfr+t1NaWV1b3yhvVra2d3b3qvsHj0ZlmrImVULpdkwME1yyJnIUrJ1qRpJYsFY8up36rSemDVfyAccpixIykLzPKUErhZ2Y6JxMrn3volut+Z4/g7tMgoLUoECjW/3q9BTNEiaRCmJMGPgpRjnRyKlgk0onMywldEQGLLRUkoSZKJ+dPHFPrNJz+0rbkujO1N8TOUmMGSex7UwIDs2iNxX/88IM+1dRzmWaIZN0vqifCReVO/3f7XHNKIqxJYRqbm916ZBoQtGmVLEhBIsvL5PHMy/wveD+vFa/KeIowxEcwykEcAl1uIMGNIGCgmd4hTcHnRfn3fmYt5acYuYQ/sD5/AFdHJCi</latexit><latexit sha1_base64="++okrdkTA1IF7+f8UOwe48Et5D4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSSi6EUoevFYwdpCGspmu22XbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1PBDfr+t1NaWV1b3yhvVra2d3b3qvsHj0ZlmrImVULpdkwME1yyJnIUrJ1qRpJYsFY8up36rSemDVfyAccpixIykLzPKUErhZ2Y6JxMrn3volut+Z4/g7tMgoLUoECjW/3q9BTNEiaRCmJMGPgpRjnRyKlgk0onMywldEQGLLRUkoSZKJ+dPHFPrNJz+0rbkujO1N8TOUmMGSex7UwIDs2iNxX/88IM+1dRzmWaIZN0vqifCReVO/3f7XHNKIqxJYRqbm916ZBoQtGmVLEhBIsvL5PHMy/wveD+vFa/KeIowxEcwykEcAl1uIMGNIGCgmd4hTcHnRfn3fmYt5acYuYQ/sD5/AFdHJCi</latexit><latexit sha1_base64="++okrdkTA1IF7+f8UOwe48Et5D4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSSi6EUoevFYwdpCGspmu22XbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1PBDfr+t1NaWV1b3yhvVra2d3b3qvsHj0ZlmrImVULpdkwME1yyJnIUrJ1qRpJYsFY8up36rSemDVfyAccpixIykLzPKUErhZ2Y6JxMrn3volut+Z4/g7tMgoLUoECjW/3q9BTNEiaRCmJMGPgpRjnRyKlgk0onMywldEQGLLRUkoSZKJ+dPHFPrNJz+0rbkujO1N8TOUmMGSex7UwIDs2iNxX/88IM+1dRzmWaIZN0vqifCReVO/3f7XHNKIqxJYRqbm916ZBoQtGmVLEhBIsvL5PHMy/wveD+vFa/KeIowxEcwykEcAl1uIMGNIGCgmd4hTcHnRfn3fmYt5acYuYQ/sD5/AFdHJCi</latexit><latexit sha1_base64="++okrdkTA1IF7+f8UOwe48Et5D4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSSi6EUoevFYwdpCGspmu22XbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1PBDfr+t1NaWV1b3yhvVra2d3b3qvsHj0ZlmrImVULpdkwME1yyJnIUrJ1qRpJYsFY8up36rSemDVfyAccpixIykLzPKUErhZ2Y6JxMrn3volut+Z4/g7tMgoLUoECjW/3q9BTNEiaRCmJMGPgpRjnRyKlgk0onMywldEQGLLRUkoSZKJ+dPHFPrNJz+0rbkujO1N8TOUmMGSex7UwIDs2iNxX/88IM+1dRzmWaIZN0vqifCReVO/3f7XHNKIqxJYRqbm916ZBoQtGmVLEhBIsvL5PHMy/wveD+vFa/KeIowxEcwykEcAl1uIMGNIGCgmd4hTcHnRfn3fmYt5acYuYQ/sD5/AFdHJCi</latexit>

ā = 0.8
<latexit sha1_base64="6w5Vzgt+Oz8o8QSFLsJeImizEtQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi2ItQ9OKxgv2ANpTJdtMu3eyG3Y1QQn+GFw+KePXXePPfuG1z0OqDgcd7M8zMi1LOtPH9L6e0tr6xuVXeruzs7u0fVA+P2lpmitAWkVyqboSaciZoyzDDaTdVFJOI0040uZ37nUeqNJPiwUxTGiY4EixmBI2Vev0IVY6za9+rD6o13/MXcP+SoCA1KNAcVD/7Q0myhApDOGrdC/zUhDkqwwins0o/0zRFMsER7VkqMKE6zBcnz9wzqwzdWCpbwrgL9edEjonW0ySynQmasV715uJ/Xi8zcT3MmUgzQwVZLooz7hrpzv93h0xRYvjUEiSK2VtdMkaFxNiUKjaEYPXlv6R94QW+F9xf1ho3RRxlOIFTOIcArqABd9CEFhCQ8AQv8OoY59l5c96XrSWnmDmGX3A+vgFhqJCl</latexit><latexit sha1_base64="6w5Vzgt+Oz8o8QSFLsJeImizEtQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi2ItQ9OKxgv2ANpTJdtMu3eyG3Y1QQn+GFw+KePXXePPfuG1z0OqDgcd7M8zMi1LOtPH9L6e0tr6xuVXeruzs7u0fVA+P2lpmitAWkVyqboSaciZoyzDDaTdVFJOI0040uZ37nUeqNJPiwUxTGiY4EixmBI2Vev0IVY6za9+rD6o13/MXcP+SoCA1KNAcVD/7Q0myhApDOGrdC/zUhDkqwwins0o/0zRFMsER7VkqMKE6zBcnz9wzqwzdWCpbwrgL9edEjonW0ySynQmasV715uJ/Xi8zcT3MmUgzQwVZLooz7hrpzv93h0xRYvjUEiSK2VtdMkaFxNiUKjaEYPXlv6R94QW+F9xf1ho3RRxlOIFTOIcArqABd9CEFhCQ8AQv8OoY59l5c96XrSWnmDmGX3A+vgFhqJCl</latexit><latexit sha1_base64="6w5Vzgt+Oz8o8QSFLsJeImizEtQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi2ItQ9OKxgv2ANpTJdtMu3eyG3Y1QQn+GFw+KePXXePPfuG1z0OqDgcd7M8zMi1LOtPH9L6e0tr6xuVXeruzs7u0fVA+P2lpmitAWkVyqboSaciZoyzDDaTdVFJOI0040uZ37nUeqNJPiwUxTGiY4EixmBI2Vev0IVY6za9+rD6o13/MXcP+SoCA1KNAcVD/7Q0myhApDOGrdC/zUhDkqwwins0o/0zRFMsER7VkqMKE6zBcnz9wzqwzdWCpbwrgL9edEjonW0ySynQmasV715uJ/Xi8zcT3MmUgzQwVZLooz7hrpzv93h0xRYvjUEiSK2VtdMkaFxNiUKjaEYPXlv6R94QW+F9xf1ho3RRxlOIFTOIcArqABd9CEFhCQ8AQv8OoY59l5c96XrSWnmDmGX3A+vgFhqJCl</latexit><latexit sha1_base64="6w5Vzgt+Oz8o8QSFLsJeImizEtQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgKSQi2ItQ9OKxgv2ANpTJdtMu3eyG3Y1QQn+GFw+KePXXePPfuG1z0OqDgcd7M8zMi1LOtPH9L6e0tr6xuVXeruzs7u0fVA+P2lpmitAWkVyqboSaciZoyzDDaTdVFJOI0040uZ37nUeqNJPiwUxTGiY4EixmBI2Vev0IVY6za9+rD6o13/MXcP+SoCA1KNAcVD/7Q0myhApDOGrdC/zUhDkqwwins0o/0zRFMsER7VkqMKE6zBcnz9wzqwzdWCpbwrgL9edEjonW0ySynQmasV715uJ/Xi8zcT3MmUgzQwVZLooz7hrpzv93h0xRYvjUEiSK2VtdMkaFxNiUKjaEYPXlv6R94QW+F9xf1ho3RRxlOIFTOIcArqABd9CEFhCQ8AQv8OoY59l5c96XrSWnmDmGX3A+vgFhqJCl</latexit>

ā = 0.99
<latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit>

ā = 0.99
<latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit><latexit sha1_base64="bdAJ4t1D8ji3Y8zNY3Di/C43Xrs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgKSQiaA9C0YvHCvYDmlAm2027dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w5U9p1v63S2vrG5lZ5u7Kzu7d/UD08aqskk4S2SMIT2Q1RUc4EbWmmOe2mkmIcctoJx3czv/NEpWKJeNSTlAYxDgWLGEFtJN8PUeY4vXGder1frbmOO4e9SryC1KBAs1/98gcJyWIqNOGoVM9zUx3kKDUjnE4rfqZoimSMQ9ozVGBMVZDPb57aZ0YZ2FEiTQltz9XfEznGSk3i0HTGqEdq2ZuJ/3m9TEfXQc5EmmkqyGJRlHFbJ/YsAHvAJCWaTwxBIpm51SYjlEi0ialiQvCWX14l7QvHcx3v4bLWuC3iKMMJnMI5eHAFDbiHJrSAQArP8ApvVma9WO/Wx6K1ZBUzx/AH1ucP4kaQ6Q==</latexit>

NO, Wang, Afshordi (2019)

[Gravitational wave echoes from black hole quantization]

Cardoso et al. (2019)

※ similar idea was out in 2019

two-level systems

~
BH

GW echoes



Mechanism of GW-echo emission

Abedi & Afshordi (2016)



Tentative detection of GW echoes
Abedi and Afshordi (2018)

GW170817
binary neutron star mergers

<latexit sha1_base64="vfAW+TjqYT9rFXvR7yAvmmzifao=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCiOYW9OIxglkwGUJPpydp0t0zdPcIYchfePGgiFf/xpt/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0nGqCG2SmMeqE2JNOZO0aZjhtJMoikXIaTscX8789h1VmsXyxkwSGgg8lCxiBBsr3VbcMuppNhS4Xyx5bs3za1Uf/Sa+681RgiUa/eJbbxCTVFBpCMdad30vMUGGlWGE02mhl2qaYDLGQ9q1VGJBdZDNL56iE6sMUBQrW9Kgufp1IsNC64kIbafAZqR/ejPxL6+bmug8yJhMUkMlWSyKUo5MjGbvowFTlBg+sQQTxeytiIywwsTYkAo2hM9P0f+kVXb9qutdV0r1i2UceTiCYzgFH86gDlfQgCYQkHAPj/DkaOfBeXZeFq05ZzlzCN/gvH4AuRGQUg==</latexit>

4.2�
tentative detection of GW echoes

with

<latexit sha1_base64="F52Wh1PyEw4UIry5Kn6FYmxjKEw=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwMeyKqGXQxjKCeUCyhNnJTTJk9sHMXTEs29r4KzYWitj6B3b+jZNkC008cOHMOfcy9x4/lkKj43xbhaXlldW14nppY3Nre8fe3WvoKFEc6jySkWr5TIMUIdRRoIRWrIAFvoSmP7qe+M17UFpE4R2OY/ACNghFX3CGRuraFE+wm3YQHjANQA1AZRltz94aeOZ17bJTcaagi8TNSZnkqHXtr04v4kkAIXLJtG67ToxeyhQKLiErdRINMeMjNoC2oSELQHvp9JKMHhmlR/uRMhUinaq/J1IWaD0OfNMZMBzqeW8i/ue1E+xfeqkI4wQh5LOP+omkGNFJLLQnFHCUY0MYV8LsSvmQKcbRhFcyIbjzJy+SxmnFPa84t2fl6lUeR5EckENyTFxyQarkhtRInXDySJ7JK3mznqwX6936mLUWrHxmn/yB9fkD9H+bIw==</latexit>

t� tmerger[sec]

<latexit sha1_base64="vWrqIiX1uZHAStzS9ztkeO3o0Gc=">AAACFHicdVDLSgMxFM34tr6qLt0EiyCIZUak2p3oxmUFW4V2KJn0tg1NZsbkjliG+Qg3/oobF4q4deHOvzF9CD4PBA7nnMvNPUEshUHXfXcmJqemZ2bn5nMLi0vLK/nVtZqJEs2hyiMZ6cuAGZAihCoKlHAZa2AqkHAR9E4G/sU1aCOi8Bz7MfiKdULRFpyhlZr5HdzFZtpAuMFUge6AzjLaMELBFfWKLq2PLAM885v5glssu1655NHfxKaHKJAxKs38W6MV8URBiFwyY+qeG6OfMo2CS8hyjcRAzHiPdaBuacgUGD8dHpXRLau0aDvS9oVIh+rXiZQpY/oqsEnFsGt+egPxL6+eYPvQT0UYJwghHy1qJ5JiRAcN0ZbQwFH2LWFcC/tXyrtMM462x5wt4fNS+j+p7RW9UtE92y8cHY/rmCMbZJNsE48ckCNySiqkSji5JffkkTw5d86D8+y8jKITznhmnXyD8/oBkY2fKQ==</latexit>

t� tmerger ' 1.0[sec]



Third generation of GW detectors
Abedi, Afshordi, NO, Wang (2020)

Cosmic Explorer Einstein Telescope

<latexit sha1_base64="XdwUMU2YRk3f5KOiQ061nKcaG0E=">AAACDnicdVDJSgNBEO1xjXGLevTSGAJejDMiag5C0EuOKkYD2ejpVJImPQvdNWKYzBd48Ve8eFDEq2dv/o2dGMH1QcHjvSqq6rmhFBpt+82amJyanplNzaXnFxaXljMrqxc6iBSHMg9koCou0yCFD2UUKKESKmCeK+HS7R0P/csrUFoE/jn2Q6h7rOOLtuAMjdTM5AZng8YOPaTQiLcGtcCDDhvQbXrejGsI1xiflpIkaWaydr5gO4U9h/4mTt4eIUvGOGlmXmutgEce+Mgl07rq2CHWY6ZQcAlJuhZpCBnvsQ5UDfWZB7oej95JaM4oLdoOlCkf6Uj9OhEzT+u+55pOj2FX//SG4l9eNcL2QT0Wfhgh+PxjUTuSFAM6zIa2hAKOsm8I40qYWynvMsU4mgTTJoTPT+n/5GIn7+zl7dPdbPFoHEeKrJMNskkcsk+KpEROSJlwckPuyAN5tG6te+vJev5onbDGM2vkG6yXd4nIm9g=</latexit>

|R|2 = e�|!|/TQH



superradiance

DECIGO / BBO Cosmic explorer /

Einstein telescope

GW ringdown -> echoes

Lifshitz scaling of spacetime ensemble of two-level systems

(Boltzmann reflectivity)

What’s the microstates of spacetime?



Role of gravitational entropy in cosmology 

What is the origin of gravitational entropy? 

BH spectroscopy and CFT thermal state
Ongoing work

Gregory, Moss, NO (2020) 2003.04927
Gregory, Moss, NO, Patrick (2020) 2007.11428

Gregory, Moss, NO, Patrick (in preparation)

NO, Afshordi, Mukohyama (2021) 2102.01741

NO, Wang, Afshordi (2019) 1905.00464

NO, Tsuna, Afshordi (2020) 2004.06276
Abedi, Afshordi, NO, Wang (2020) 2001.09553

NO, Ueda, Yamaguchi, (2019) 1909.01378



Poles of the retarded correlators of

the thermal             SYM theory operators

Nunez et al. (2003)

BH spectroscopy and CFT thermal state

@2

@r⇤2
+ !2 � V (r)

�
 (r⇤) = 0

<latexit sha1_base64="ceehwbKbtGwDk3J+XLjcI8iGCBY="></latexit><latexit sha1_base64="ceehwbKbtGwDk3J+XLjcI8iGCBY="></latexit><latexit sha1_base64="ceehwbKbtGwDk3J+XLjcI8iGCBY="></latexit><latexit sha1_base64="ceehwbKbtGwDk3J+XLjcI8iGCBY="></latexit>

 (r⇤)
<latexit sha1_base64="Gx23ct437nF/HfCwVbcp6wjf6Bg=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0Wom5CIqN0V3bisYB/QxDKZTtqhk0mYuRFq6Je4caGIWz/FnX/j9CH4PHDhcM693HtPmAquwXXfrYXFpeWV1cJacX1jc6tkb+80dZIpyho0EYlqh0QzwSVrAAfB2qliJA4Fa4XDi4nfumVK80RewyhlQUz6kkecEjBS1y75qea4om5yn2gYH3btsutUXa964uHfxHPcKcpojnrXfvN7Cc1iJoEKonXHc1MIcqKAU8HGRT/TLCV0SPqsY6gkMdNBPj18jA+M0sNRokxJwFP160ROYq1HcWg6YwID/dObiH95nQyisyDnMs2ASTpbFGUCQ4InKeAeV4yCGBlCqOLmVkwHRBEKJquiCeHzU/w/aR45nut4V8fl2vk8jgLaQ/uogjx0imroEtVRA1GUoXv0iJ6sO+vBerZeZq0L1nxmF32D9foBosaTFA==</latexit><latexit sha1_base64="Gx23ct437nF/HfCwVbcp6wjf6Bg=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0Wom5CIqN0V3bisYB/QxDKZTtqhk0mYuRFq6Je4caGIWz/FnX/j9CH4PHDhcM693HtPmAquwXXfrYXFpeWV1cJacX1jc6tkb+80dZIpyho0EYlqh0QzwSVrAAfB2qliJA4Fa4XDi4nfumVK80RewyhlQUz6kkecEjBS1y75qea4om5yn2gYH3btsutUXa964uHfxHPcKcpojnrXfvN7Cc1iJoEKonXHc1MIcqKAU8HGRT/TLCV0SPqsY6gkMdNBPj18jA+M0sNRokxJwFP160ROYq1HcWg6YwID/dObiH95nQyisyDnMs2ASTpbFGUCQ4InKeAeV4yCGBlCqOLmVkwHRBEKJquiCeHzU/w/aR45nut4V8fl2vk8jgLaQ/uogjx0imroEtVRA1GUoXv0iJ6sO+vBerZeZq0L1nxmF32D9foBosaTFA==</latexit><latexit sha1_base64="Gx23ct437nF/HfCwVbcp6wjf6Bg=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0Wom5CIqN0V3bisYB/QxDKZTtqhk0mYuRFq6Je4caGIWz/FnX/j9CH4PHDhcM693HtPmAquwXXfrYXFpeWV1cJacX1jc6tkb+80dZIpyho0EYlqh0QzwSVrAAfB2qliJA4Fa4XDi4nfumVK80RewyhlQUz6kkecEjBS1y75qea4om5yn2gYH3btsutUXa964uHfxHPcKcpojnrXfvN7Cc1iJoEKonXHc1MIcqKAU8HGRT/TLCV0SPqsY6gkMdNBPj18jA+M0sNRokxJwFP160ROYq1HcWg6YwID/dObiH95nQyisyDnMs2ASTpbFGUCQ4InKeAeV4yCGBlCqOLmVkwHRBEKJquiCeHzU/w/aR45nut4V8fl2vk8jgLaQ/uogjx0imroEtVRA1GUoXv0iJ6sO+vBerZeZq0L1nxmF32D9foBosaTFA==</latexit><latexit sha1_base64="Gx23ct437nF/HfCwVbcp6wjf6Bg=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0Wom5CIqN0V3bisYB/QxDKZTtqhk0mYuRFq6Je4caGIWz/FnX/j9CH4PHDhcM693HtPmAquwXXfrYXFpeWV1cJacX1jc6tkb+80dZIpyho0EYlqh0QzwSVrAAfB2qliJA4Fa4XDi4nfumVK80RewyhlQUz6kkecEjBS1y75qea4om5yn2gYH3btsutUXa964uHfxHPcKcpojnrXfvN7Cc1iJoEKonXHc1MIcqKAU8HGRT/TLCV0SPqsY6gkMdNBPj18jA+M0sNRokxJwFP160ROYq1HcWg6YwID/dObiH95nQyisyDnMs2ASTpbFGUCQ4InKeAeV4yCGBlCqOLmVkwHRBEKJquiCeHzU/w/aR45nut4V8fl2vk8jgLaQ/uogjx0imroEtVRA1GUoXv0iJ6sO+vBerZeZq0L1nxmF32D9foBosaTFA==</latexit>

(r⇤ ! �1)
<latexit sha1_base64="Iu4G6q9e+gkaWQrCcwhESzZoiaM=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahLhxmRNTuim5cVrAP6NSSSTNtaCYzJHeEYagbf8WNC0Xc+hfu/BvTh+DzQOBwzr3cnOPHgmtwnHdrZnZufmExt5RfXlldWy9sbNZ1lCjKajQSkWr6RDPBJasBB8GasWIk9AVr+IPzkd+4YUrzSF5BGrN2SHqSB5wSMFKnsI1L6jrziIYh9iDCB9jjMoB0v1MoOnbZccvHLv5NXNsZo4imqHYKb143oknIJFBBtG65TgztjCjgVLBh3ks0iwkdkB5rGSpJyHQ7GycY4j2jdHEQKfMk4LH6dSMjodZp6JvJkEBf//RG4l9eK4HgtJ1xGSfAJJ0cChKBTdRRHbjLFaMgUkMIVdz8FdM+UYSCKS1vSvhMiv8n9UPbdWz38qhYOZvWkUM7aBeVkItOUAVdoCqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AMdaWGA==</latexit><latexit sha1_base64="Iu4G6q9e+gkaWQrCcwhESzZoiaM=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahLhxmRNTuim5cVrAP6NSSSTNtaCYzJHeEYagbf8WNC0Xc+hfu/BvTh+DzQOBwzr3cnOPHgmtwnHdrZnZufmExt5RfXlldWy9sbNZ1lCjKajQSkWr6RDPBJasBB8GasWIk9AVr+IPzkd+4YUrzSF5BGrN2SHqSB5wSMFKnsI1L6jrziIYh9iDCB9jjMoB0v1MoOnbZccvHLv5NXNsZo4imqHYKb143oknIJFBBtG65TgztjCjgVLBh3ks0iwkdkB5rGSpJyHQ7GycY4j2jdHEQKfMk4LH6dSMjodZp6JvJkEBf//RG4l9eK4HgtJ1xGSfAJJ0cChKBTdRRHbjLFaMgUkMIVdz8FdM+UYSCKS1vSvhMiv8n9UPbdWz38qhYOZvWkUM7aBeVkItOUAVdoCqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AMdaWGA==</latexit><latexit sha1_base64="Iu4G6q9e+gkaWQrCcwhESzZoiaM=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahLhxmRNTuim5cVrAP6NSSSTNtaCYzJHeEYagbf8WNC0Xc+hfu/BvTh+DzQOBwzr3cnOPHgmtwnHdrZnZufmExt5RfXlldWy9sbNZ1lCjKajQSkWr6RDPBJasBB8GasWIk9AVr+IPzkd+4YUrzSF5BGrN2SHqSB5wSMFKnsI1L6jrziIYh9iDCB9jjMoB0v1MoOnbZccvHLv5NXNsZo4imqHYKb143oknIJFBBtG65TgztjCjgVLBh3ks0iwkdkB5rGSpJyHQ7GycY4j2jdHEQKfMk4LH6dSMjodZp6JvJkEBf//RG4l9eK4HgtJ1xGSfAJJ0cChKBTdRRHbjLFaMgUkMIVdz8FdM+UYSCKS1vSvhMiv8n9UPbdWz38qhYOZvWkUM7aBeVkItOUAVdoCqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AMdaWGA==</latexit><latexit sha1_base64="Iu4G6q9e+gkaWQrCcwhESzZoiaM=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahLhxmRNTuim5cVrAP6NSSSTNtaCYzJHeEYagbf8WNC0Xc+hfu/BvTh+DzQOBwzr3cnOPHgmtwnHdrZnZufmExt5RfXlldWy9sbNZ1lCjKajQSkWr6RDPBJasBB8GasWIk9AVr+IPzkd+4YUrzSF5BGrN2SHqSB5wSMFKnsI1L6jrziIYh9iDCB9jjMoB0v1MoOnbZccvHLv5NXNsZo4imqHYKb143oknIJFBBtG65TgztjCjgVLBh3ks0iwkdkB5rGSpJyHQ7GycY4j2jdHEQKfMk4LH6dSMjodZp6JvJkEBf//RG4l9eK4HgtJ1xGSfAJJ0cChKBTdRRHbjLFaMgUkMIVdz8FdM+UYSCKS1vSvhMiv8n9UPbdWz38qhYOZvWkUM7aBeVkItOUAVdoCqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AMdaWGA==</latexit>

(r⇤ ! +1)
<latexit sha1_base64="hn+h052Q/zIFUjMputEvg0S7n2s=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahIgwzImp3RTcuK9gHdGrJpJk2NJMZkjvCMNSNv+LGhSJu/Qt3/o3pQ/B5IHA4515uzvFjwTU4zrs1Mzs3v7CYW8ovr6yurRc2Nus6ShRlNRqJSDV9opngktWAg2DNWDES+oI1/MH5yG/cMKV5JK8gjVk7JD3JA04JGKlT2MYldZ15RMMQexDhA+xxGUC63ykUHbvsuOVjF/8mru2MUURTVDuFN68b0SRkEqggWrdcJ4Z2RhRwKtgw7yWaxYQOSI+1DJUkZLqdjRMM8Z5RujiIlHkS8Fj9upGRUOs09M1kSKCvf3oj8S+vlUBw2s64jBNgkk4OBYnAJuqoDtzlilEQqSGEKm7+immfKELBlJY3JXwmxf+T+qHtOrZ7eVSsnE3ryKEdtItKyEUnqIIuUBXVEEW36B49oifrznqwnq2XyeiMNd3ZQt9gvX4ALr6WFg==</latexit><latexit sha1_base64="hn+h052Q/zIFUjMputEvg0S7n2s=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahIgwzImp3RTcuK9gHdGrJpJk2NJMZkjvCMNSNv+LGhSJu/Qt3/o3pQ/B5IHA4515uzvFjwTU4zrs1Mzs3v7CYW8ovr6yurRc2Nus6ShRlNRqJSDV9opngktWAg2DNWDES+oI1/MH5yG/cMKV5JK8gjVk7JD3JA04JGKlT2MYldZ15RMMQexDhA+xxGUC63ykUHbvsuOVjF/8mru2MUURTVDuFN68b0SRkEqggWrdcJ4Z2RhRwKtgw7yWaxYQOSI+1DJUkZLqdjRMM8Z5RujiIlHkS8Fj9upGRUOs09M1kSKCvf3oj8S+vlUBw2s64jBNgkk4OBYnAJuqoDtzlilEQqSGEKm7+immfKELBlJY3JXwmxf+T+qHtOrZ7eVSsnE3ryKEdtItKyEUnqIIuUBXVEEW36B49oifrznqwnq2XyeiMNd3ZQt9gvX4ALr6WFg==</latexit><latexit sha1_base64="hn+h052Q/zIFUjMputEvg0S7n2s=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahIgwzImp3RTcuK9gHdGrJpJk2NJMZkjvCMNSNv+LGhSJu/Qt3/o3pQ/B5IHA4515uzvFjwTU4zrs1Mzs3v7CYW8ovr6yurRc2Nus6ShRlNRqJSDV9opngktWAg2DNWDES+oI1/MH5yG/cMKV5JK8gjVk7JD3JA04JGKlT2MYldZ15RMMQexDhA+xxGUC63ykUHbvsuOVjF/8mru2MUURTVDuFN68b0SRkEqggWrdcJ4Z2RhRwKtgw7yWaxYQOSI+1DJUkZLqdjRMM8Z5RujiIlHkS8Fj9upGRUOs09M1kSKCvf3oj8S+vlUBw2s64jBNgkk4OBYnAJuqoDtzlilEQqSGEKm7+immfKELBlJY3JXwmxf+T+qHtOrZ7eVSsnE3ryKEdtItKyEUnqIIuUBXVEEW36B49oifrznqwnq2XyeiMNd3ZQt9gvX4ALr6WFg==</latexit><latexit sha1_base64="hn+h052Q/zIFUjMputEvg0S7n2s=">AAACAXicdVDLSgMxFM34rPVVdSO4CRahIgwzImp3RTcuK9gHdGrJpJk2NJMZkjvCMNSNv+LGhSJu/Qt3/o3pQ/B5IHA4515uzvFjwTU4zrs1Mzs3v7CYW8ovr6yurRc2Nus6ShRlNRqJSDV9opngktWAg2DNWDES+oI1/MH5yG/cMKV5JK8gjVk7JD3JA04JGKlT2MYldZ15RMMQexDhA+xxGUC63ykUHbvsuOVjF/8mru2MUURTVDuFN68b0SRkEqggWrdcJ4Z2RhRwKtgw7yWaxYQOSI+1DJUkZLqdjRMM8Z5RujiIlHkS8Fj9upGRUOs09M1kSKCvf3oj8S+vlUBw2s64jBNgkk4OBYnAJuqoDtzlilEQqSGEKm7+immfKELBlJY3JXwmxf+T+qHtOrZ7eVSsnE3ryKEdtItKyEUnqIIuUBXVEEW36B49oifrznqwnq2XyeiMNd3ZQt9gvX4ALr6WFg==</latexit>

! exp (+i!nr
⇤)

<latexit sha1_base64="bJaCQwg/Hn1GOiL2KewzGCniUHg=">AAACCXicdVDLSgMxFM34rPU16tJNsAgVocyIqN0V3bisYB/QGYdMetuGZjJDkhHL0K0bf8WNC0Xc+gfu/BvTh+DzQOBwzr3cnBMmnCntOO/WzOzc/MJibim/vLK6tm5vbNZVnEoKNRrzWDZDooAzATXNNIdmIoFEIYdG2D8b+Y1rkIrF4lIPEvAj0hWswyjRRgps7OkYe3CTZMV9hr04gi4JBJZXmUeUHu4NA7vglMqOWz5y8W/ilpwxCmiKamC/ee2YphEITTlRquU6ifYzIjWjHIZ5L1WQENonXWgZKkgEys/GSYZ41yht3ImleULjsfp1IyORUoMoNJMR0T310xuJf3mtVHdO/IyJJNUg6ORQJ+XYpB/VgttMAtV8YAihkpm/YtojklBtysubEj6T4v9J/aDkOiX34rBQOZ3WkUPbaAcVkYuOUQWdoyqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AHRKZ/A==</latexit><latexit sha1_base64="bJaCQwg/Hn1GOiL2KewzGCniUHg=">AAACCXicdVDLSgMxFM34rPU16tJNsAgVocyIqN0V3bisYB/QGYdMetuGZjJDkhHL0K0bf8WNC0Xc+gfu/BvTh+DzQOBwzr3cnBMmnCntOO/WzOzc/MJibim/vLK6tm5vbNZVnEoKNRrzWDZDooAzATXNNIdmIoFEIYdG2D8b+Y1rkIrF4lIPEvAj0hWswyjRRgps7OkYe3CTZMV9hr04gi4JBJZXmUeUHu4NA7vglMqOWz5y8W/ilpwxCmiKamC/ee2YphEITTlRquU6ifYzIjWjHIZ5L1WQENonXWgZKkgEys/GSYZ41yht3ImleULjsfp1IyORUoMoNJMR0T310xuJf3mtVHdO/IyJJNUg6ORQJ+XYpB/VgttMAtV8YAihkpm/YtojklBtysubEj6T4v9J/aDkOiX34rBQOZ3WkUPbaAcVkYuOUQWdoyqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AHRKZ/A==</latexit><latexit sha1_base64="bJaCQwg/Hn1GOiL2KewzGCniUHg=">AAACCXicdVDLSgMxFM34rPU16tJNsAgVocyIqN0V3bisYB/QGYdMetuGZjJDkhHL0K0bf8WNC0Xc+gfu/BvTh+DzQOBwzr3cnBMmnCntOO/WzOzc/MJibim/vLK6tm5vbNZVnEoKNRrzWDZDooAzATXNNIdmIoFEIYdG2D8b+Y1rkIrF4lIPEvAj0hWswyjRRgps7OkYe3CTZMV9hr04gi4JBJZXmUeUHu4NA7vglMqOWz5y8W/ilpwxCmiKamC/ee2YphEITTlRquU6ifYzIjWjHIZ5L1WQENonXWgZKkgEys/GSYZ41yht3ImleULjsfp1IyORUoMoNJMR0T310xuJf3mtVHdO/IyJJNUg6ORQJ+XYpB/VgttMAtV8YAihkpm/YtojklBtysubEj6T4v9J/aDkOiX34rBQOZ3WkUPbaAcVkYuOUQWdoyqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AHRKZ/A==</latexit><latexit sha1_base64="bJaCQwg/Hn1GOiL2KewzGCniUHg=">AAACCXicdVDLSgMxFM34rPU16tJNsAgVocyIqN0V3bisYB/QGYdMetuGZjJDkhHL0K0bf8WNC0Xc+gfu/BvTh+DzQOBwzr3cnBMmnCntOO/WzOzc/MJibim/vLK6tm5vbNZVnEoKNRrzWDZDooAzATXNNIdmIoFEIYdG2D8b+Y1rkIrF4lIPEvAj0hWswyjRRgps7OkYe3CTZMV9hr04gi4JBJZXmUeUHu4NA7vglMqOWz5y8W/ilpwxCmiKamC/ee2YphEITTlRquU6ifYzIjWjHIZ5L1WQENonXWgZKkgEys/GSYZ41yht3ImleULjsfp1IyORUoMoNJMR0T310xuJf3mtVHdO/IyJJNUg6ORQJ+XYpB/VgttMAtV8YAihkpm/YtojklBtysubEj6T4v9J/aDkOiX34rBQOZ3WkUPbaAcVkYuOUQWdoyqqIYpu0T16RE/WnfVgPVsvk9EZa7qzhb7Bev0AHRKZ/A==</latexit>

! exp (�i!nr
⇤)

<latexit sha1_base64="0KPCpjDHZjL5rox8GcmXpvwiX7U=">AAACCXicdVDLSgMxFM34rPU16tJNsAh1YZkRUbsrunFZwT6gMw6Z9LYNzWSGJCOWoVs3/oobF4q49Q/c+TemD8HngcDhnHu5OSdMOFPacd6tmdm5+YXF3FJ+eWV1bd3e2KyrOJUUajTmsWyGRAFnAmqaaQ7NRAKJQg6NsH828hvXIBWLxaUeJOBHpCtYh1GijRTY2NMx9uAmyYr7DHtxBF0SCCyvMo8oPdwbBnbBKZUdt3zk4t/ELTljFNAU1cB+89oxTSMQmnKiVMt1Eu1nRGpGOQzzXqogIbRPutAyVJAIlJ+NkwzxrlHauBNL84TGY/XrRkYipQZRaCYjonvqpzcS//Jaqe6c+BkTSapB0MmhTsqxST+qBbeZBKr5wBBCJTN/xbRHJKHalJc3JXwmxf+T+kHJdUruxWGhcjqtI4e20Q4qIhcdowo6R1VUQxTdonv0iJ6sO+vBerZeJqMz1nRnC32D9foBIESZ/g==</latexit><latexit sha1_base64="0KPCpjDHZjL5rox8GcmXpvwiX7U=">AAACCXicdVDLSgMxFM34rPU16tJNsAh1YZkRUbsrunFZwT6gMw6Z9LYNzWSGJCOWoVs3/oobF4q49Q/c+TemD8HngcDhnHu5OSdMOFPacd6tmdm5+YXF3FJ+eWV1bd3e2KyrOJUUajTmsWyGRAFnAmqaaQ7NRAKJQg6NsH828hvXIBWLxaUeJOBHpCtYh1GijRTY2NMx9uAmyYr7DHtxBF0SCCyvMo8oPdwbBnbBKZUdt3zk4t/ELTljFNAU1cB+89oxTSMQmnKiVMt1Eu1nRGpGOQzzXqogIbRPutAyVJAIlJ+NkwzxrlHauBNL84TGY/XrRkYipQZRaCYjonvqpzcS//Jaqe6c+BkTSapB0MmhTsqxST+qBbeZBKr5wBBCJTN/xbRHJKHalJc3JXwmxf+T+kHJdUruxWGhcjqtI4e20Q4qIhcdowo6R1VUQxTdonv0iJ6sO+vBerZeJqMz1nRnC32D9foBIESZ/g==</latexit><latexit sha1_base64="0KPCpjDHZjL5rox8GcmXpvwiX7U=">AAACCXicdVDLSgMxFM34rPU16tJNsAh1YZkRUbsrunFZwT6gMw6Z9LYNzWSGJCOWoVs3/oobF4q49Q/c+TemD8HngcDhnHu5OSdMOFPacd6tmdm5+YXF3FJ+eWV1bd3e2KyrOJUUajTmsWyGRAFnAmqaaQ7NRAKJQg6NsH828hvXIBWLxaUeJOBHpCtYh1GijRTY2NMx9uAmyYr7DHtxBF0SCCyvMo8oPdwbBnbBKZUdt3zk4t/ELTljFNAU1cB+89oxTSMQmnKiVMt1Eu1nRGpGOQzzXqogIbRPutAyVJAIlJ+NkwzxrlHauBNL84TGY/XrRkYipQZRaCYjonvqpzcS//Jaqe6c+BkTSapB0MmhTsqxST+qBbeZBKr5wBBCJTN/xbRHJKHalJc3JXwmxf+T+kHJdUruxWGhcjqtI4e20Q4qIhcdowo6R1VUQxTdonv0iJ6sO+vBerZeJqMz1nRnC32D9foBIESZ/g==</latexit><latexit sha1_base64="0KPCpjDHZjL5rox8GcmXpvwiX7U=">AAACCXicdVDLSgMxFM34rPU16tJNsAh1YZkRUbsrunFZwT6gMw6Z9LYNzWSGJCOWoVs3/oobF4q49Q/c+TemD8HngcDhnHu5OSdMOFPacd6tmdm5+YXF3FJ+eWV1bd3e2KyrOJUUajTmsWyGRAFnAmqaaQ7NRAKJQg6NsH828hvXIBWLxaUeJOBHpCtYh1GijRTY2NMx9uAmyYr7DHtxBF0SCCyvMo8oPdwbBnbBKZUdt3zk4t/ELTljFNAU1cB+89oxTSMQmnKiVMt1Eu1nRGpGOQzzXqogIbRPutAyVJAIlJ+NkwzxrlHauBNL84TGY/XrRkYipQZRaCYjonvqpzcS//Jaqe6c+BkTSapB0MmhTsqxST+qBbeZBKr5wBBCJTN/xbRHJKHalJc3JXwmxf+T+kHJdUruxWGhcjqtI4e20Q4qIhcdowo6R1VUQxTdonv0iJ6sO+vBerZeJqMz1nRnC32D9foBIESZ/g==</latexit>

Boundary condition

!n
<latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit>

: nth-quasinormal mode (QNM) frequency

!
<latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit>

!
<latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit><latexit sha1_base64="AVpngoAKcqm+8uk/TaqESkaTOHA=">AAAB7XicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2FsH1QcHjvSqq6sUpZ8YGwbu3sLi0vLJaWCuub2xubZd2dhtGZZrQOlFc6VaMDeVM0rplltNWqikWMafNeHg58Zt3VBum5I0dpTQSuC9Zwgi2Tmp0lKB93C2VA78ShJXTEP0moR9MUYY5at3SW6enSCaotIRjY9phkNoox9oywum42MkMTTEZ4j5tOyqxoCbKp9eO0aFTeihR2pW0aKp+ncixMGYkYtcpsB2Yn95E/MtrZzY5j3Im08xSSWaLkowjq9DkddRjmhLLR45gopm7FZEB1phYF1DRhfD5KfqfNI79MPDD65Ny9WIeRwH24QCOIIQzqMIV1KAOBG7hHh7hyVPeg/fsvcxaF7z5zB58g/f6AQE4j2k=</latexit>

GW ringdown

e�i!nt = eIm[!n]te�iRe[!n]t
<latexit sha1_base64="y+xeoTfFKj8V8iBprsy8Vq58kGY="></latexit><latexit sha1_base64="y+xeoTfFKj8V8iBprsy8Vq58kGY="></latexit><latexit sha1_base64="y+xeoTfFKj8V8iBprsy8Vq58kGY="></latexit><latexit sha1_base64="y+xeoTfFKj8V8iBprsy8Vq58kGY="></latexit>

dissipation oscillation

Dissipation for quasiparticle excitations

in the finite temperature gauge theory

N = 4
<latexit sha1_base64="CC8oMbHVXfRgV0VUrnX85nm1teQ=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1ByEoBdPEsEsMBlCT6cnadLTPXT3CGHIZ3jxoIhXv8abf2NnEVwfFDzeq6KqXpRypo3nvTuFhcWl5ZXiamltfWNzq7y909QyU4Q2iORStSOsKWeCNgwznLZTRXEScdqKhpcTv3VHlWZS3JpRSsME9wWLGcHGSkHeIZij6zE6P+6WK55b9fzqiY9+E9/1pqjAHPVu+a3TkyRLqDCEY60D30tNmGNlGOF0XOpkmqaYDHGfBpYKnFAd5tOTx+jAKj0US2VLGDRVv07kONF6lES2M8FmoH96E/EvL8hMfBbmTKSZoYLMFsUZR0aiyf+oxxQlho8swUQxeysiA6wwMTalkg3h81P0P2keub7n+jfHldrFPI4i7ME+HIIPp1CDK6hDAwhIuIdHeHKM8+A8Oy+z1oIzn9mFb3BePwB5pZC5</latexit><latexit sha1_base64="CC8oMbHVXfRgV0VUrnX85nm1teQ=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1ByEoBdPEsEsMBlCT6cnadLTPXT3CGHIZ3jxoIhXv8abf2NnEVwfFDzeq6KqXpRypo3nvTuFhcWl5ZXiamltfWNzq7y909QyU4Q2iORStSOsKWeCNgwznLZTRXEScdqKhpcTv3VHlWZS3JpRSsME9wWLGcHGSkHeIZij6zE6P+6WK55b9fzqiY9+E9/1pqjAHPVu+a3TkyRLqDCEY60D30tNmGNlGOF0XOpkmqaYDHGfBpYKnFAd5tOTx+jAKj0US2VLGDRVv07kONF6lES2M8FmoH96E/EvL8hMfBbmTKSZoYLMFsUZR0aiyf+oxxQlho8swUQxeysiA6wwMTalkg3h81P0P2keub7n+jfHldrFPI4i7ME+HIIPp1CDK6hDAwhIuIdHeHKM8+A8Oy+z1oIzn9mFb3BePwB5pZC5</latexit><latexit sha1_base64="CC8oMbHVXfRgV0VUrnX85nm1teQ=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1ByEoBdPEsEsMBlCT6cnadLTPXT3CGHIZ3jxoIhXv8abf2NnEVwfFDzeq6KqXpRypo3nvTuFhcWl5ZXiamltfWNzq7y909QyU4Q2iORStSOsKWeCNgwznLZTRXEScdqKhpcTv3VHlWZS3JpRSsME9wWLGcHGSkHeIZij6zE6P+6WK55b9fzqiY9+E9/1pqjAHPVu+a3TkyRLqDCEY60D30tNmGNlGOF0XOpkmqaYDHGfBpYKnFAd5tOTx+jAKj0US2VLGDRVv07kONF6lES2M8FmoH96E/EvL8hMfBbmTKSZoYLMFsUZR0aiyf+oxxQlho8swUQxeysiA6wwMTalkg3h81P0P2keub7n+jfHldrFPI4i7ME+HIIPp1CDK6hDAwhIuIdHeHKM8+A8Oy+z1oIzn9mFb3BePwB5pZC5</latexit><latexit sha1_base64="CC8oMbHVXfRgV0VUrnX85nm1teQ=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1ByEoBdPEsEsMBlCT6cnadLTPXT3CGHIZ3jxoIhXv8abf2NnEVwfFDzeq6KqXpRypo3nvTuFhcWl5ZXiamltfWNzq7y909QyU4Q2iORStSOsKWeCNgwznLZTRXEScdqKhpcTv3VHlWZS3JpRSsME9wWLGcHGSkHeIZij6zE6P+6WK55b9fzqiY9+E9/1pqjAHPVu+a3TkyRLqDCEY60D30tNmGNlGOF0XOpkmqaYDHGfBpYKnFAd5tOTx+jAKj0US2VLGDRVv07kONF6lES2M8FmoH96E/EvL8hMfBbmTKSZoYLMFsUZR0aiyf+oxxQlho8swUQxeysiA6wwMTalkg3h81P0P2keub7n+jfHldrFPI4i7ME+HIIPp1CDK6hDAwhIuIdHeHKM8+A8Oy+z1oIzn9mFb3BePwB5pZC5</latexit> testable!!



Testing the no-hair theorem with GW150914
Isi et al. (2019)

QNM frequency depends on the mass and spin only!!! (no-hair theorem)



QNMs are characterized by
1. frequency !n

<latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit><latexit sha1_base64="wjeiKQTTGk5GludnWoRiAITgHw0=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjxGMDGQDKGn05M06WXs7hHCkJ/w4kERr/6ON//GziK4Pih4vFdFVb045czYIHj3CguLS8srxdXS2vrG5lZ5e6dpVKYJbRDFlW7F2FDOJG1YZjltpZpiEXN6Ew8vJv7NHdWGKXltRymNBO5LljCCrZNaHSVoH3dlt1wJ/GoQVk9C9JuEfjBFBeaod8tvnZ4imaDSEo6NaYdBaqMca8sIp+NSJzM0xWSI+7TtqMSCmiif3jtGB07poURpV9Kiqfp1IsfCmJGIXafAdmB+ehPxL6+d2eQsyplMM0slmS1KMo6sQpPnUY9pSiwfOYKJZu5WRAZYY2JdRCUXwuen6H/SPPLDwA+vjiu183kcRdiDfTiEEE6hBpdQhwYQ4HAPj/Dk3XoP3rP3MmstePOZXfgG7/UDhwKQSg==</latexit>

Bn
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2. Excitation factor
(quantify the ease-of-excitation of QNMs)

Ease-of-excitation of

quasiparticles in thermal


gauge theory?
Bn
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for 5d Kerr-AdS

BulkCFT



Role of gravitational entropy in cosmology 

What is the origin of gravitational entropy? 

BH spectroscopy and CFT thermal state

Phase transition or tunneling process in strong gravity

=> decay rate is governed by the change of Bekenstein-Hawking entropy

gravitational entropy plays an important role for putting constraints on

cosmological models and Standard Model.

Future GW observations (ET, CE, DECIGO, BBO,….)

are very important to probe the microstructure of spacetime

no-hair nature of QNMs is testable

QNM excitation factors <==> ease-of-excitation of quasiparticles

                                                in thermal gauge theory??

QNM frequencies <==> dissipation of quasiparticles in thermal gauge theory





Why superradiance?
[NO, Afshordi, Mukohyama (2021)]



Why superradiance? -What causes the SR?-

Killing horizon

Lorentz invariant 
case

Lorentz breaking 
caseNegative energy region


(mass extraction possible)

Universal horizon

<latexit sha1_base64="x8wbhjveg6AYm9Q7rIxoNQC7wX4=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmbELQch6MVjBLPAZAg9nZ6kSU/30F0jhCGf4cWDIl79Gm/+jZ1FcH1Q8Hiviqp6USq4Ac97dwoLi0vLK8XV0tr6xuZWeXunaVSmKWtQJZRuR8QwwSVrAAfB2qlmJIkEa0XDq4nfumPacCVvYZSyMCF9yWNOCVgp6LR59xhfYM/1u+WK51Y9v3rq49/Ed70pKmiOerf81ukpmiVMAhXEmMD3UghzooFTwcalTmZYSuiQ9FlgqSQJM2E+PXmMD6zSw7HStiTgqfp1IieJMaMksp0JgYH56U3Ev7wgg/g8zLlMM2CSzhbFmcCg8OR/3OOaURAjSwjV3N6K6YBoQsGmVLIhfH6K/yfNI9c/cb2b40rtch5HEe2hfXSIfHSGauga1VEDUaTQPXpETw44D86z8zJrLTjzmV30Dc7rB0l6j/Y=</latexit>

⌅4 = 0.1
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⌅6 = 0.01
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Kerr spacetime: positive (rotational)

energy extraction at ergosphere

Schwarzschild with the Lifshitz scaling:

Positive (mass) energy extraction near 

the horizon


