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Island Formula

At late stage of the black hole evaporation,

The island region I is encoded in Hawking radiation!

<latexit sha1_base64="OK0e7QwXCUuje9ttRmoK9hMh3Fg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF49g5JHAhswODYzMzm5mZk3Ihi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8Aa89jN4=</latexit>

R

<latexit sha1_base64="RzSP3fa396UwC9z1smeFExVK+mI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF70lYB6QLGF20knGzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj26nffEKleSQfzDhGP6QDyfucUWOl2n23WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duiEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLTr0mPK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNM7K3mX5vHZRqtxkceThCI7hFDy4ggrcQRXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB6GZjNU=</latexit>

I

The entropy of Hawking radiation in quantum gravity

<latexit sha1_base64="btRtg+1XsHGLRRVQYM3fZSRbIGk="></latexit>

SRad ⇡ Area(horizon)

4GN
= SBH

<latexit sha1_base64="9FOUa+rnpC6QrzTaZpuFV42vlr8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF48RzAOSJcxOZpMhs7PrTG8kLPkOLx4U8erHePNvnDwOmljQUFR1090VJFIYdN1vJ7eyura+kd8sbG3v7O4V9w/qJk414zUWy1g3A2q4FIrXUKDkzURzGgWSN4LB7cRvDLk2IlYPOEq4H9GeEqFgFK3kt7Xo9ZFqHT8Rt1MsuWV3CrJMvDkpwRzVTvGr3Y1ZGnGFTFJjWp6boJ9RjYJJPi60U8MTyga0x1uWKhpx42fTo8fkxCpdEsbalkIyVX9PZDQyZhQFtjOi2DeL3kT8z2ulGF77mVBJilyx2aIwlQRjMkmAdIXmDOXIEsq0sLcS1qeaMrQ5FWwI3uLLy6R+VvYuy+f3F6XKzTyOPBzBMZyCB1dQgTuoQg0YPMIzvMKbM3RenHfnY9aac+Yzh/AHzucPkgKR+Q==</latexit>! 0

<latexit sha1_base64="QpbtMASqFBmAV3iIogFmOzer388="></latexit>

SRad = min extI


Area(@I)

4GN
+ Smatter (I [R)� Sct(@I)

�

In quantum gravity, information is stored in a non-local form.

[Penington, Almheiri-Engelhardt-Marolf-Maxfield ’19]



• Any implications for early universe, where the effects of quantum gravity are crucial?

In this paper, the Island formula is applied to the FRW universe and de Sitter spacetime.

Q. Do the effects of the existence of islands (wormholes) affect us living in a low energy world 
     Are they observable?

FRW

I
Big Bang Singularity

I I

In this talk I will review one (direct) application of the island formula to cosmology, 
arXiv:2008.01022 "Island in cosmology".



Q. When can a region I be the island  for a region R?

1. Bekenstein bound is violated for the region I

2. The island I exists in the quantum normal region

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region

I RG



A

Bekenstein bound

・The foundation of the holographic principle 

（sometimes called “holographic bound”）

1. Bekenstein bound is violated for the region I

<latexit sha1_base64="VhdKd+rwApoF9WDU6A73skcQm5M="></latexit>

Smatter(A)  Area(@A)

4GN

For a region A defined in quantum gravity:

FRW

A

A
Evaporating BH

・It can be violated ``near the singularity”

<latexit sha1_base64="wTsmHKeqpWR2afYTyz6MyhEkSAs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9lVUY9VLx4r2A9slzKbZtvQbHZJskIp/RdePCji1X/jzX9jtt2DVh8EHu/NTGZekAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMbjK/9ciU5rG8N+OE+REOJA85RWOlh26CynAU5KpXrrhVdwbyl3g5qUCOeq/82e3HNI2YNFSg1h3PTYw/yeZRwaalbqpZgnSEA9axVGLEtD+ZbTwlR1bpkzBW9klDZurPjglGWo+jwFZGaIZ60cvE/7xOasJLf8Jlkhom6fyjMBXExCQ7n/S5YtSIsSVIFbe7EjpEhdTYkEo2BG/x5L+keVL1zqund2eV2nUeRxEO4BCOwYMLqMEt1KEBFCQ8wQu8Otp5dt6c93lpwcl79uEXnI9vH2SQkA==</latexit>

@A

BH

matter

Collapse

<latexit sha1_base64="uQPU34e6uXhi2wbQ+tTLGzTIxzU=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCVQAQtSKQOdUBH0ITVR5LhOa9V5yHaQqig7C7/CwgBCrPwAG3+Dm2aAliNZOj7n3mvf40aMCmkY31phaXllda24XtrY3Nre0Xf3OiKMOSZtHLKQ91wkCKMBaUsqGelFnCDfZaTrjq+mfveBcEHD4F5OImL7aBhQj2IkleTo5TsnsbgPG830wvI4wkl2vVQz0jSpXTs3qaNXjKqRAS4SMycVkKPl6F/WIMSxTwKJGRKibxqRtBPEJcWMpCUrFiRCeIyGpK9ogHwi7CTbJYWHShlAL+TqBBJm6u+OBPlCTHxXVfpIjsS8NxX/8/qx9M7thAZRLEmAZw95MYMyhNNg4IBygiWbKIIwp+qvEI+QSkSq+EoqBHN+5UXSOa6ap9WT21ql3sjjKIIDUAZHwARnoA6aoAXaAINH8AxewZv2pL1o79rHrLSg5T374A+0zx9xF5qv</latexit>

SBH =
Area

4GN

<latexit sha1_base64="sq1T58+GEfQ2x75Du4DqS0Cz8vU=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhVSWaoEEDAWWBiLoA+pjSLHdVurdhLZDqgK/RQWBhBi5UvY+BvcNgO0HMnS0Tn36h6fIOZMacf5tnJLyyura/n1wsbm1vaOXdxtqCiRhNZJxCPZCrCinIW0rpnmtBVLikXAaTMYXk/85gOVikXhvR7F1BO4H7IeI1gbybeLd37akQIJrDWV4/LlkW+XnIozBVokbkZKkKHm21+dbkQSQUNNOFaq7Tqx9lIsNSOcjgudRNEYkyHu07ahIRZUeek0+hgdGqWLepE0L9Roqv7eSLFQaiQCM2kiDtS8NxH/89qJ7l14KQvjRNOQzA71Eo50hCY9oC6TlGg+MgQTyUxWRAZYYmJqUAVTgjv/5UXSOK64Z5WT29NS9SqrIw/7cABlcOEcqnADNagDgUd4hld4s56sF+vd+piN5qxsZw/+wPr8AX1Uk4E=</latexit>

Smatter(A)

Increase



Conditions for non-trivial islands to dominate

<latexit sha1_base64="h1D1ioVMtgY5o8bYm0Uyj8WRPoU=">AAACGHicbVDLTgIxFO3gC/GFunTTSEwgMTijRl0S3cgOHzwSIKRTLtDQ6Yxtx4RM+Aw3/oobFxrjlp1/YwdIVPAkTU/OuTf33uMGnClt219WYmFxaXkluZpaW9/Y3Epv71SUH0oKZepzX9ZcooAzAWXNNIdaIIF4Loeq27+K/eojSMV8ca8HATQ90hWswyjRRmqlj4qtqOER3ZNeZL7hMFs8xLc53OjCA7778bogYi/XSmfsvD0GnifOlGTQFKVWetRo+zT0QGjKiVJ1xw50MyJSM8phmGqECgJC+6QLdUMF8UA1o/FhQ3xglDbu+NI8ofFY/d0REU+pgeeaynhPNevF4n9ePdSdi2bERBBqEHQyqBNyrH0cp4TbTALVfGAIoZKZXTHtEUmoNlmmTAjO7MnzpHKcd87yJzenmcLlNI4k2kP7KIscdI4K6BqVUBlR9IRe0Bt6t56tV+vD+pyUJqxpzy76A2v0De6an7Q=</latexit>

Imat(I, R) � Sgen(I)

 can be re-combined and written as the following UV finite quantities

Mutual Information
<latexit sha1_base64="YBMJnejrzV0InWHIT3LfgXGTyyM="></latexit>

Imat (I, R) = Smat (I) + Smat (R)� Smat (I [R)

= bSmat(I) + bSmat(R)� bSmat(I [R)

I
<latexit sha1_base64="eozwvTroPGl4Bd5XIA3AkYnngak="></latexit>

Smatter (I) &
Area(@I)

4GN

<latexit sha1_base64="lWFchaaEpN4pu2Y+eo93U9AwltQ="></latexit>

1

4GN
Area(@I) + Smat(I [R)� Sct(@I) < Smat(R)

Generalized entropy
<latexit sha1_base64="YnYgYWMBt+i+HdTveA5mwLxQqJk="></latexit>

1

4GN
Area(@I) + Smat(I)

1. Bekenstein bound is violated for the region I



Strong subadditivity:

これからBekenstein boundの破れが導かれる

I out 

<latexit sha1_base64="XArawhkoMnoMnPJ4dgNwCaZdhEk=">AAACF3icbZDLSgMxFIYz9VbrrerSTbAILUiZUVGXRTd2Vy+9QFtKJj1tQzOZMckIZZi3cOOruHGhiFvd+Tam0y609UDg4//P4eT8bsCZ0rb9baUWFpeWV9KrmbX1jc2t7PZOTfmhpFClPvdlwyUKOBNQ1UxzaAQSiOdyqLvDy7FffwCpmC/u9CiAtkf6gvUYJdpInWyxnC8f4qglPeyHOi7gVh/u8Vi8KSR420nMPog4Xy50sjm7aCeF58GZQg5Nq9LJfrW6Pg09EJpyolTTsQPdjojUjHKIM61QQUDokPShaVAQD1Q7Su6K8YFRurjnS/OExon6eyIinlIjzzWdHtEDNeuNxf+8Zqh75+2IiSDUIOhkUS/kWPt4HBLuMglU85EBQiUzf8V0QCSh2kSZMSE4syfPQ+2o6JwWj69PcqWLaRxptIf2UR456AyV0BWqoCqi6BE9o1f0Zj1ZL9a79TFpTVnTmV30p6zPH6sFnSU=</latexit>

I(I, out) � I(I, R) � Sgen(I)

<latexit sha1_base64="6pIiQRCYszyMW0rLSRfjb0/P6e4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KoqMeiF48V7Ac0oWw223bpJht2J0oI9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tkorq2vrG+XNytb2zu6evX/Q1jJVlLWoFFJ1A6KZ4DFrAQfBuoliJAoE6wTjm6nfeWBKcxnfQ5YwPyLDmA84JWCkvl31QiaAeIoPR0CUko/Y6ds1p+7MgJeJW5AaKtDs219eKGkasRioIFr3XCcBPycKOBVsUvFSzRJCx2TIeobGJGLaz2fHT/CxUUI8kMpUDHim/p7ISaR1FgWmMyIw0oveVPzP66UwuPJzHicpsJjOFw1SgUHiaRI45IpREJkhhCpubsV0RBShYPKqmBDcxZeXSfu07l7Uz+7Oa43rIo4yOkRH6AS56BI10C1qohaiKEPP6BW9WU/Wi/VufcxbS1YxU0V/YH3+ALAhlMw=</latexit>

� ! 0

<latexit sha1_base64="OzkRajfmvKJn3dHPpirCp7210XI=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rHoxWMF+wFtKJvNtF272Q27G6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6vn9xeV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJQojyQ=</latexit>

�

<latexit sha1_base64="izrawDDy/DIohPMnQVpieKvA5IY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0V9RjMxWME84BkCbOzvcmQ2dl1ZlYIS37CiwdFvPo73vwbJ4+DJhY0FFXddHcFqeDauO63s7K6tr6xWdgqbu/s7u2XDg6bOskUwwZLRKLaAdUouMSG4UZgO1VI40BgKxjWJn7rCZXmiXwwoxT9mPYljzijxkrtWq8bojC0Vyq7FXcKsky8OSnDHPVe6asbJiyLURomqNYdz02Nn1NlOBM4LnYzjSllQ9rHjqWSxqj9fHrvmJxaJSRRomxJQ6bq74mcxlqP4sB2xtQM9KI3Ef/zOpmJbvycyzQzKNlsUZQJYhIyeZ6EXCEzYmQJZYrbWwkbUEWZsREVbQje4svLpHle8a4qF/eX5ertPI4CHMMJnIEH11CFO6hDAxgIeIZXeHMenRfn3fmYta4485kj+APn8wfXrI/a</latexit>

C�

<latexit sha1_base64="rRbhK2xKC0VoSjmKAUjhvFLH5xc="></latexit>

= I(I, I [ C�) = bSmat(I) + bSmat(I [ C�)� bSmat(C�)

' 2bSmat(I) + (subleading)

<latexit sha1_base64="WUsKV1Hl9XUooRopM2vYdmMLlAg="></latexit>

bSmat(I) &
Area(@I)

4GN



Q. When can a region I be the island  for a region R?

1. Bekenstein bound is violated for the region I

2. The island I exists in the quantum normal region

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region

I RG



2. The island I exists in the quantum normal region

Classical normal region (“untrapped” surface)
<latexit sha1_base64="bW7yKa3dLKTNob7vxQrUBsOo0HQ=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAhIVUJIGAssDAWiT6kplSO47RWbSfYDlIV5Q+w8FdYGECIlZ2Nf4PbZoCWkyyd7r6z/Z0fM6q043xbhbn5hcWl4nJpZXVtfcPe3GqoKJGY1HHEItnykSKMClLXVDPSiiVB3Gek6Q+uRn7zgUhFI3GrhzHpcNQTNKQYaSN17T0vlAinQZYGHjOxAN0dZqknObww12Rej9xDp2uXnYozBpwlbk7KIEeta395QYQTToTGDCnVdp1Yd1IkNcWMZCUvUSRGeIB6pG2oQJyoTjreJoP7RglgGElzhIZj9XciRVypIffNJEe6r6a9kfif1050eN5JqYgTTQSePBQmDOoIjqqBAZUEazY0BGFJzV8h7iNTjzYFlkwJ7vTKs6RxVHFPK8c3J+XqZV5HEeyAXXAAXHAGquAa1EAdYPAInsEreLOerBfr3fqYjBasPLMN/sD6/AFwLJvG</latexit>

d

d�+
Area � 0Deformation in outward null direction

<latexit sha1_base64="PSulL0F6vlrSi3oGBsY4vHRkO/o=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiCxUCWAgLHAwlgk+pCaUjmO01q1nWA7SFWUP8DCX2FhACFWdjb+DW6bAVpOsnS6+872d37MqNKO820V5uYXFpeKy6WV1bX1DXtzq6GiRGJSxxGLZMtHijAqSF1TzUgrlgRxn5GmP7ga+c0HIhWNxK0exqTDUU/QkGKkjdS197xQIpwGWRp4zMQCdHeYpZ7k8MJck3mM3EOna5edijMGnCVuTsogR61rf3lBhBNOhMYMKdV2nVh3UiQ1xYxkJS9RJEZ4gHqkbahAnKhOOt4mg/tGCWAYSXOEhmP1dyJFXKkh980kR7qvpr2R+J/XTnR43kmpiBNNBJ48FCYM6giOqoEBlQRrNjQEYUnNXyHuI1OPNgWWTAnu9MqzpHFUcU8rxzcn5eplXkcR7IBdcABccAaq4BrUQB1g8AiewSt4s56sF+vd+piMFqw8sw3+wPr8AXr+m80=</latexit>

d

d��Area  0Deformation in inward null direction

Quantum normal region

<latexit sha1_base64="U790aY1jxHggNj/VozPIUxv+aCw=">AAACDnicbVC7TsMwFHXKq5RXgZHFoqrEQpUAAsYKFsYi6ENqSuU4N61Vxwm2g1RF+QIWfoWFAYRYmdn4G9zHAC1HsnR0zj26vseLOVPatr+t3MLi0vJKfrWwtr6xuVXc3mmoKJEU6jTikWx5RAFnAuqaaQ6tWAIJPQ5Nb3A58psPIBWLxK0extAJSU+wgFGijdQtlt1AEpr6Weq73MR8cneY3XRTV4a4ByJzOdxju1ss2RV7DDxPnCkpoSlq3eKX60c0CUFoyolSbceOdSclUjPKISu4iYKY0AHpQdtQQUJQnXR8TobLRvFxEEnzhMZj9XciJaFSw9AzkyHRfTXrjcT/vHaig/NOykScaBB0sihIONYRHnWDfSaBaj40hFDJzF8x7RPTjzYNFkwJzuzJ86RxVHFOK8fXJ6XqxbSOPNpD++gAOegMVdEVqqE6ougRPaNX9GY9WS/Wu/UxGc1Z08wu+gPr8wdc85xK</latexit>

d

d��Sgen  0

<latexit sha1_base64="1JfQfT0/CxIHOXMRo6h2cKu+IEg=">AAACDnicbVDLSgMxFM3UV62vqks3wVIQhDKjoi6LblxWtA/o1JLJ3GlDM5kxyQhlmC9w46+4caGIW9fu/BvTx0JbDwQO59zDzT1ezJnStv1t5RYWl5ZX8quFtfWNza3i9k5DRYmkUKcRj2TLIwo4E1DXTHNoxRJI6HFoeoPLkd98AKlYJG71MIZOSHqCBYwSbaRusewGktDUz1Lf5Sbmk7vD7KabujLEPRCZ24N7bHeLJbtij4HniTMlJTRFrVv8cv2IJiEITTlRqu3Yse6kRGpGOWQFN1EQEzogPWgbKkgIqpOOz8lw2Sg+DiJpntB4rP5OpCRUahh6ZjIkuq9mvZH4n9dOdHDeSZmIEw2CThYFCcc6wqNusM8kUM2HhhAqmfkrpn1i+tGmwYIpwZk9eZ40jirOaeX4+qRUvZjWkUd7aB8dIAedoSq6QjVURxQ9omf0it6sJ+vFerc+JqM5a5rZRX9gff4AUh+cQw==</latexit>

d

d�+
Sgen � 0

I

<latexit sha1_base64="RzSP3fa396UwC9z1smeFExVK+mI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegF70lYB6QLGF20knGzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj26nffEKleSQfzDhGP6QDyfucUWOl2n23WHLL7gxkmXgZKUGGarf41elFLAlRGiao1m3PjY2fUmU4EzgpdBKNMWUjOsC2pZKGqP10duiEnFilR/qRsiUNmam/J1Iaaj0OA9sZUjPUi95U/M9rJ6Z/7adcxolByeaL+okgJiLTr0mPK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNM7K3mX5vHZRqtxkceThCI7hFDy4ggrcQRXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB6GZjNU=</latexit>

IDeformation in outward null direction

Deformation in inward null direction



<latexit sha1_base64="/LTCdORsW7v3db4nCMtS+25vcfM=">AAACEnicbVC7TsMwFHXKq5RXgJHFokJqlyoBBCxIFSywlUcfUhNVjuO0Vh0nsh2kKso3sPArLAwgxMrExt/gthmg5UiWjs65R9f3eDGjUlnWt1FYWFxaXimultbWNza3zO2dlowSgUkTRywSHQ9JwignTUUVI51YEBR6jLS94eXYbz8QIWnE79UoJm6I+pwGFCOlpZ5ZdQKBcOpnqe8wHfNRdtdLHRHCPuFZ5dbBSQyvq+fQ6pllq2ZNAOeJnZMyyNHomV+OH+EkJFxhhqTs2las3BQJRTEjWclJJIkRHqI+6WrKUUikm05OyuCBVnwYREI/ruBE/Z1IUSjlKPT0ZIjUQM56Y/E/r5uo4MxNKY8TRTieLgoSBlUEx/1AnwqCFRtpgrCg+q8QD5DuSOkWS7oEe/bkedI6rNkntaOb43L9Iq+jCPbAPqgAG5yCOrgCDdAEGDyCZ/AK3own48V4Nz6mowUjz+yCPzA+fwBXnJ02</latexit>

d

d�
Sgen(R [ I) = 0Extremal condition 

for  the island

<latexit sha1_base64="a0IS+FFo35y2jay8E4kev3isBdM="></latexit>

d

d�


Smat(I) +

Area(@I)

4GN
� Sct(@I)

�
=

d

d�
[Smat(I) + Smat(R)� Smat(I [R)] = 0

<latexit sha1_base64="jCRi1UniPvE9gm2JF7CwhHbewrA=">AAAB9XicbVBNSwMxEM36WetX1aOXYBHqpeyqqMeiF71VtB/QriWbzrahSXZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG9f9dhYWl5ZXVnNr+fWNza3tws5uXUeJolCjEY9UMyAaOJNQM8xwaMYKiAg4NILB1dhvPILSLJL3ZhiDL0hPspBRYqz0cNdJ20rgHshR6eaoUyi6ZXcCPE+8jBRRhmqn8NXuRjQRIA3lROuW58bGT4kyjHIY5duJhpjQAelBy1JJBGg/nVw9wodW6eIwUrakwRP190RKhNZDEdhOQUxfz3pj8T+vlZjwwk+ZjBMDkk4XhQnHJsLjCHCXKaCGDy0hVDF7K6Z9ogg1Nqi8DcGbfXme1I/L3ln55Pa0WLnM4sihfXSASshD56iCrlEV1RBFCj2jV/TmPDkvzrvzMW1dcLKZPfQHzucPjpGR5w==</latexit>

Sgen(I)
<latexit sha1_base64="0AmHPyfkIPaHYCPgrQIhWXuc3fk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupv6zSdUmkfywYxj9EM6kLzPGTVWqt10iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcptFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCPaYzJ</latexit>=

<latexit sha1_base64="sFzrJFDYO4pbJHDnPXweTrk+f8g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdFfVY9GJvVewHtEvJpmkbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCyLOtHHdbyeztLyyupZdz21sbm3v5Hf36lrGitAakVyqZoA15UzQmmGG02akKA4DThvB8GbiN56o0kyKBzOKqB/ivmA9RrCxUr1SrJzcH3fyBbfkToEWiZeSAqSodvJf7a4kcUiFIRxr3fLcyPgJVoYRTse5dqxphMkQ92nLUoFDqv1keu0YHVmli3pS2RIGTdXfEwkOtR6Fge0MsRnoeW8i/ue1YtO78hMmothQQWaLejFHRqLJ66jLFCWGjyzBRDF7KyIDrDAxNqCcDcGbf3mR1E9L3kXp7O68UL5O48jCARxCETy4hDLcQhVqQOARnuEV3hzpvDjvzsesNeOkM/vwB87nDwZAjh8=</latexit>

I(I, R)<latexit sha1_base64="0AmHPyfkIPaHYCPgrQIhWXuc3fk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBch6MVjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwupv6zSdUmkfywYxj9EM6kLzPGTVWqt10iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcptFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCPaYzJ</latexit>=

For the outward null deformation, the r.h.s. is positive due to the 
monotonicity of the mutual information

<latexit sha1_base64="lEAx254ae0g65iAInIVMbmigjMQ=">AAACIXicbVDLSsNAFJ34rPVVdelmsAi6KYmKdll0oztFW4WmlMnkpg5OJnHmRiwhv+LGX3HjQhF34s84fSx8HRg4nHMPd+4JUikMuu6HMzE5NT0zW5orzy8sLi1XVlZbJsk0hyZPZKKvAmZACgVNFCjhKtXA4kDCZXBzNPAv70AbkagL7KfQiVlPiUhwhlbqVup+GlM/0oznYZGH1Jc2G7JubvWioOeWINwjzXugaFFsnWxTvwe31O1Wqm7NHYL+Jd6YVMkYp93Kux8mPItBIZfMmLbnptjJmUbBJRRlPzOQMn7DetC2VLEYTCcfXljQTauENEq0fQrpUP2eyFlsTD8O7GTM8Nr89gbif147w6jeyYVKMwTFR4uiTFJM6KAuGgoNHGXfEsa1sH+l/JrZutCWWrYleL9P/ktaOzVvv7Z7tldtHI7rKJF1skG2iEcOSIMck1PSJJw8kCfyQl6dR+fZeXPeR6MTzjizRn7A+fwC+aujWQ==</latexit>

± d

d�±
Sgen (I) � 0

I

2. The island I exists in the quantum normal region



Q. When can a region I be the island  for a region R?

1. Bekenstein bound is violated for the region I

2. The island I exists in the quantum normal region

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region

I RG



I RG

<latexit sha1_base64="nW15iomqrR8htEOzqIwMvJ/QLsE=">AAACIXicbVBNSwMxFMz6bf2qevQSLEK9lF0V9Sh60KOiVaG7lGz2bRuaZNckK5Rl/4oX/4oXD4r0Jv4Z03YPah0IDDPzyHsTppxp47qfztT0zOzc/MJiZWl5ZXWtur5xq5NMUWjShCfqPiQaOJPQNMxwuE8VEBFyuAt7Z0P/7hGUZom8Mf0UAkE6ksWMEmOldvXYTwX2Y0VoHhV5hH1uZyPSzq1eFPjaEkFMV4m8A7Io6ue7NgIP2G1Xa27DHQFPEq8kNVTisl0d+FFCMwHSUE60bnluaoKcKMMoh6LiZxpSQnukAy1LJRGgg3x0YYF3rBLhOFH2SYNH6s+JnAit+yK0yeG6+q83FP/zWpmJj4OcyTQzIOn4ozjj2CR4WBeOmAJqeN8SQhWzu2LaJbYuY0ut2BK8vydPktu9hnfY2L86qJ2clnUsoC20jerIQ0foBF2gS9REFD2hF/SG3p1n59X5cAbj6JRTzmyiX3C+vgHNYKPg</latexit>

± d

d�±
Sgen(G)  0

Derived from the extremal condition of the island & SSA of entropy

Outside of a sphere usually has a larger area when it is deformed “inward"  
(outward with respect to the sphere) 
→Requires a large increase of the matter entropy in region G to  
   compensate for the decrease in area

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region



Q. When can a region I be the island  for a region R?

1. Bekenstein bound is violated for the region I

2. The island I exists in the quantum normal region

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region

I RG



FRW

I

Big Bang Singularity

Matter is in a thermal state due to the thermal flux from the Big Bang singularity.
<latexit sha1_base64="ewEFOfyWNKpdlK+cPHCoN6otIKg=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVoSQq6rLoRncV7QOaECbTSTt0kgkzE7GEfIQbf8WNC0XcunDn3zhJu9DWAxcO59zLvff4MaNSWda3MTe/sLi0XFopr66tb2yaW9styROBSRNzxkXHR5IwGpGmooqRTiwICn1G2v7wMvfb90RIyqM7NYqJG6J+RAOKkdKSZx7eeqkjQhgipYjIqtcHDopjwR+g9FI1yAqzxVnueGbFqlkF4CyxJ6QCJmh45pfT4zgJSaQwQ1J2bStWboqEopiRrOwkksQID1GfdDWNUEikmxZPZXBfKz0YcKErUrBQf0+kKJRyFPq6Ux8/kNNeLv7ndRMVnLspjeJEkQiPFwUJg4rDPCHYo4JgxUaaICyovhXiARII64BkWYdgT788S1pHNfu0dnxzUqlfTOIogV2wB6rABmegDq5AAzQBBo/gGbyCN+PJeDHejY9x65wxmdkBf2B8/gBj8J5n</latexit>

Smatter(I) ⇡ sthVol(I)

<latexit sha1_base64="WYbIb0C68rIu6G9WrumzXYYhiF8="></latexit>

ds2 = �dt2 + a(t)2dx2 = a(⌘)2(�d⌘2 + dx2)

Spatially Flat FRW（Friedman-Robertson-Walker) Universe with
<latexit sha1_base64="vdqWijEJI11GFSiqBJ7T7KxEZbM=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUTdC0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ThWhTRLzWHUCrClnkjYNM5x2EkWxCDhtB6Obqd9+okqzWD6YcUJ9gQeSRYxgY6XH3p2NhvjK7ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjZbeIJOrBKiKFb2SYNm6u+JDAutxyKwSYHNUC96U/E/r5ua6NLPmExSQyWZfxSlHJkYTa9HIVOUGD62BBPF7K6IDLHCxNiOSrYEb/HkZdI6q3rn1dp9rVK/zusowhEcwyl4cAF1uIUGNIGAgGd4hTdHOS/Ou/MxjxacfOYQ/sD5/AEDL4/n</latexit>

⇤ = 0



FRW

I

Big Bang Singularity

Extra flat spacetime added to  purify the 
thermal state of FRW spacetime 

RThermofield double state

<latexit sha1_base64="ewEFOfyWNKpdlK+cPHCoN6otIKg=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVoSQq6rLoRncV7QOaECbTSTt0kgkzE7GEfIQbf8WNC0XcunDn3zhJu9DWAxcO59zLvff4MaNSWda3MTe/sLi0XFopr66tb2yaW9styROBSRNzxkXHR5IwGpGmooqRTiwICn1G2v7wMvfb90RIyqM7NYqJG6J+RAOKkdKSZx7eeqkjQhgipYjIqtcHDopjwR+g9FI1yAqzxVnueGbFqlkF4CyxJ6QCJmh45pfT4zgJSaQwQ1J2bStWboqEopiRrOwkksQID1GfdDWNUEikmxZPZXBfKz0YcKErUrBQf0+kKJRyFPq6Ux8/kNNeLv7ndRMVnLspjeJEkQiPFwUJg4rDPCHYo4JgxUaaICyovhXiARII64BkWYdgT788S1pHNfu0dnxzUqlfTOIogV2wB6rABmegDq5AAzQBBo/gGbyCN+PJeDHejY9x65wxmdkBf2B8/gBj8J5n</latexit>

Smatter(I) ⇡ sthVol(I)

<latexit sha1_base64="WYbIb0C68rIu6G9WrumzXYYhiF8="></latexit>

ds2 = �dt2 + a(t)2dx2 = a(⌘)2(�d⌘2 + dx2)

Spatially Flat FRW（Friedman-Robertson-Walker) Universe with
<latexit sha1_base64="vdqWijEJI11GFSiqBJ7T7KxEZbM=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUTdC0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ThWhTRLzWHUCrClnkjYNM5x2EkWxCDhtB6Obqd9+okqzWD6YcUJ9gQeSRYxgY6XH3p2NhvjK7ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjZbeIJOrBKiKFb2SYNm6u+JDAutxyKwSYHNUC96U/E/r5ua6NLPmExSQyWZfxSlHJkYTa9HIVOUGD62BBPF7K6IDLHCxNiOSrYEb/HkZdI6q3rn1dp9rVK/zusowhEcwyl4cAF1uIUGNIGAgGd4hTdHOS/Ou/MxjxacfOYQ/sD5/AEDL4/n</latexit>

⇤ = 0

Matter is in a thermal state due to the thermal flux from the Big Bang singularity.



Q. When can a region I be the island  for a region R?

1. Bekenstein bound is violated for the region I

2. The island I exists in the quantum normal region

3. A region G that surrounds island I and has a common boundary with it exists in the quantum  
    normal region

I RG



I: quantum 
normal

Bekenstein 
violating

ap
pare

nt 
ho

riz
on

No island region that satisfies the conditions

Spatially Flat FRW（Friedman-Robertson-Walker) Universe with
<latexit sha1_base64="vdqWijEJI11GFSiqBJ7T7KxEZbM=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUTdC0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ThWhTRLzWHUCrClnkjYNM5x2EkWxCDhtB6Obqd9+okqzWD6YcUJ9gQeSRYxgY6XH3p2NhvjK7ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjZbeIJOrBKiKFb2SYNm6u+JDAutxyKwSYHNUC96U/E/r5ua6NLPmExSQyWZfxSlHJkYTa9HIVOUGD62BBPF7K6IDLHCxNiOSrYEb/HkZdI6q3rn1dp9rVK/zusowhEcwyl4cAF1uIUGNIGAgGd4hTdHOS/Ou/MxjxacfOYQ/sD5/AEDL4/n</latexit>

⇤ = 0

Inward null deformation increases  
the area due to expansion of universe

Area→0 near singularity

Quantum normal region: 
the effect of the expansion of 
the universe is not significant.



Big Bang Singularity

Big Crunch Singularity

After the Big Bang, this universe expands and then re-collapses

Spatially Flat FRW（Friedman-Robertson-Walker) Universe with
<latexit sha1_base64="WZ+bbW+ovdsumhehEECvge2JtDc=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIURcuim5cuKhgH9IOJZPJtKFJZkgyQhn6FW5cKOLWz3Hn35i2s9DWA4HDOeeSe0+QcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYE05k7RpmOG0kyiKRcBpOxjdTP32E1WaxfLBjBPqCzyQLGIEGys99u5sNMRXbr9ccavuDGiZeDmpQI5Gv/zVC2OSCioN4Vjrrucmxs+wMoxwOin1Uk0TTEZ4QLuWSiyo9rPZwhN0YpUQRbGyTxo0U39PZFhoPRaBTQpshnrRm4r/ed3URJd+xmSSGirJ/KMo5cjEaHo9CpmixPCxJZgoZndFZIgVJsZ2VLIleIsnL5PWWdU7r9bua5X6dV5HEY7gGE7Bgwuowy00oAkEBDzDK7w5ynlx3p2PebTg5DOH8AfO5w8Bqo/m</latexit>

⇤ < 0



I: quantum 
normal Bekenstein 

violating

G: quantum 
normal

There is an island region that satisfies the conditions!

Re-collapsing universe can be reconstructed  
from the extra flat spacetime degrees of freedom

Quantum normal region: 
the effect of inflation & deflation 
of the universe is not significant.

Large Matter entropy

Spatially Flat FRW（Friedman-Robertson-Walker) Universe with
<latexit sha1_base64="WZ+bbW+ovdsumhehEECvge2JtDc=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIURcuim5cuKhgH9IOJZPJtKFJZkgyQhn6FW5cKOLWz3Hn35i2s9DWA4HDOeeSe0+QcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYE05k7RpmOG0kyiKRcBpOxjdTP32E1WaxfLBjBPqCzyQLGIEGys99u5sNMRXbr9ccavuDGiZeDmpQI5Gv/zVC2OSCioN4Vjrrucmxs+wMoxwOin1Uk0TTEZ4QLuWSiyo9rPZwhN0YpUQRbGyTxo0U39PZFhoPRaBTQpshnrRm4r/ed3URJd+xmSSGirJ/KMo5cjEaHo9CpmixPCxJZgoZndFZIgVJsZ2VLIleIsnL5PWWdU7r9bua5X6dV5HEY7gGE7Bgwuowy00oAkEBDzDK7w5ynlx3p2PebTg5DOH8AfO5w8Bqo/m</latexit>

⇤ < 0

Big Bang Singularity

Big Crunch Singularity

Area→0 near singularity



2D de Sitter black hole

There is also an island inside a black hole  
on de Sitter spacetime described by JT gravity.

I
R

I

See also Ugajin et al. arXiv:2008.05275 [hep-th]

https://arxiv.org/abs/2008.05275


・Can we apply the “idea” of the island formula/wormhole to early universe?  &  

    Can we consider observables that have imprints of quantum gravity effects?

We saw the most direct application of the island formula to early universe

・Can we extend the idea of the holographic principle?

In the future

Non-trivial island exists in recollapsing FRW universe, but their interpretation is unclear

cf.Eternal inflation & Baby universes


