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Averaged null energy operator

[Hartman, Kundu, Tajdini ’16]

[Faulkner, Leigh, Parrikar, Wang ’16]

<latexit sha1_base64="uwZzjKcqKCJnfjIVJ7xyMpRPWzA=">AAACHHicbVDLSsNAFJ3UV62vqCtxM1gEoVASkeqyKILLCn1BE8NkMmmGTiZhZiKWUPwTd271J9yJW8F/8COcPhbaeuDC4Zx74dzjp4xKZVlfRmFpeWV1rbhe2tjc2t4xd/faMskEJi2csER0fSQJo5y0FFWMdFNBUOwz0vEHV2O/c0+EpAlvqmFK3Bj1OQ0pRkpLnnng4GvoSBpDh3IFg4e7Cmx6eaUy8syyVbUmgIvEnpEymKHhmd9OkOAsJlxhhqTs2Vaq3BwJRTEjo5KTSZIiPEB90tOUo5hIN5+8MILHWglgmAg9OsdE/X2Ro1jKYezrzRipSM57Y/FfL5CBjBKhIsSDuQwqvHBzytNMEY6nEcKMQZXAcVMwoIJgxYaaICyo/gLiCAmEle6zpOux58tYJO3Tql2r1m7PyvXLWVFFcAiOwAmwwTmogxvQAC2AwSN4Bi/g1Xgy3ox342O6WjBmN/vgD4zPH3f0oP8=</latexit>

E →
∫

dx+T++
<latexit sha1_base64="1ZL6rXE6NxlegYvrFeNRvcP87S4=">AAACJnicbVDLSgMxFM34rPVVdekmWARBWmaKVDdC0Y3LCvYBnbZkMrdtaCYzJJnSMvQD/BN3bvUn3Im48wP8CNPHQlsvJPdwzrlw7/EizpS27U9rZXVtfWMztZXe3tnd288cHFZVGEsKFRryUNY9ooAzARXNNId6JIEEHoea17+d6LUBSMVC8aBHETQD0hWswyjRhmpnsr5qFfA1zvnD1jk2Xw6b5g6A4mHbjUBGrYJx2Xl7WngZOHOQRfMqtzPfrh/SOAChKSdKNRw70s2ESM0oh3HajRVEhPZJFxoGChKAaibTY8b41DA+7oTSPKHxlP09kZBAqVHgGWdAdE8tahPyX81XvuqFUveI8Bd20J2rZsJEFGsQdLZCJ+ZYh3iSGfaZBKr5yABCJTNXYNojklBtkk2beJzFMJZBtZB3ivni/UW2dDMPKoWO0Qk6Qw66RCV0h8qogih6RM/oBb1aT9ab9W59zKwr1nzmCP0p6+sHvLSkLQ==</latexit>

ds2 = →dx+dx→ + dωx2
↑

• Averaged null energy (ANEC) operator:

• ANEC:
<latexit sha1_base64="65BceaJ1Z+/A63JPeqeUPAsCeqk=">AAACC3icbVDLSsNAFJ34rPVVdelmsAiuSiJSXRZFcFnBPrAJZTKZNEMnkzhzI5TQT3DnVn/Cnbj1I/wHP8Jpm4W2HrhwOOdeOPf4qeAabPvLWlpeWV1bL22UN7e2d3Yre/ttnWSKshZNRKK6PtFMcMlawEGwbqoYiX3BOv7wauJ3HpnSPJF3MEqZF5OB5CGnBIx079Jr7A7YA7b7lapds6fAi8QpSBUVaPYr326Q0CxmEqggWvccOwUvJwo4FWxcdjPNUkKHZMB6hkoSM+3l08RjfGyUAIeJMiMBT9XfFzmJtR7FvtmMCUR63puI/3qBDnSUKIiIDOYyQHjh5VymGTBJZxHCTGBI8KQYHHDFKIiRIYQqbr7ANCKKUDD1lU09znwZi6R9WnPqtfrtWbVxWRRVQofoCJ0gB52jBrpBTdRCFEn0jF7Qq/VkvVnv1sdsdckqbg7QH1ifPyC8mw8=</latexit>

E → 0

- OPE coefficients bounds (  [Hofman, Maldacena ’08],  [Córdova, Maldacena, Turiaci ’17]) λTTT λTTϕ

- Scaling dimension bounds

- Constraining RG flow (light-ray sum rule  -theorem/ -theorem)⇒ a c [Hartman, Mathys ’23, ’24]

[Córdova, Diab ’17; Manenti, Stergiou, Vichi ‘19]

• Measures energy distribution at infinity in a “conformal collider”



Averaged null energy operator

<latexit sha1_base64="uwZzjKcqKCJnfjIVJ7xyMpRPWzA=">AAACHHicbVDLSsNAFJ3UV62vqCtxM1gEoVASkeqyKILLCn1BE8NkMmmGTiZhZiKWUPwTd271J9yJW8F/8COcPhbaeuDC4Zx74dzjp4xKZVlfRmFpeWV1rbhe2tjc2t4xd/faMskEJi2csER0fSQJo5y0FFWMdFNBUOwz0vEHV2O/c0+EpAlvqmFK3Bj1OQ0pRkpLnnng4GvoSBpDh3IFg4e7Cmx6eaUy8syyVbUmgIvEnpEymKHhmd9OkOAsJlxhhqTs2Vaq3BwJRTEjo5KTSZIiPEB90tOUo5hIN5+8MILHWglgmAg9OsdE/X2Ro1jKYezrzRipSM57Y/FfL5CBjBKhIsSDuQwqvHBzytNMEY6nEcKMQZXAcVMwoIJgxYaaICyo/gLiCAmEle6zpOux58tYJO3Tql2r1m7PyvXLWVFFcAiOwAmwwTmogxvQAC2AwSN4Bi/g1Xgy3ox342O6WjBmN/vgD4zPH3f0oP8=</latexit>

E →
∫

dx+T++
<latexit sha1_base64="1ZL6rXE6NxlegYvrFeNRvcP87S4=">AAACJnicbVDLSgMxFM34rPVVdekmWARBWmaKVDdC0Y3LCvYBnbZkMrdtaCYzJJnSMvQD/BN3bvUn3Im48wP8CNPHQlsvJPdwzrlw7/EizpS27U9rZXVtfWMztZXe3tnd288cHFZVGEsKFRryUNY9ooAzARXNNId6JIEEHoea17+d6LUBSMVC8aBHETQD0hWswyjRhmpnsr5qFfA1zvnD1jk2Xw6b5g6A4mHbjUBGrYJx2Xl7WngZOHOQRfMqtzPfrh/SOAChKSdKNRw70s2ESM0oh3HajRVEhPZJFxoGChKAaibTY8b41DA+7oTSPKHxlP09kZBAqVHgGWdAdE8tahPyX81XvuqFUveI8Bd20J2rZsJEFGsQdLZCJ+ZYh3iSGfaZBKr5yABCJTNXYNojklBtkk2beJzFMJZBtZB3ivni/UW2dDMPKoWO0Qk6Qw66RCV0h8qogih6RM/oBb1aT9ab9W59zKwr1nzmCP0p6+sHvLSkLQ==</latexit>

ds2 = →dx+dx→ + dωx2
↑

• Averaged null energy (ANEC) operator:

- OPE coefficients bounds (  [Hofman, Maldacena ’08],  [Córdova, Maldacena, Turiaci ’17]) λTTT λTTϕ

- Scaling dimension bounds

- Constraining RG flow (light-ray sum rule  -theorem/ -theorem)⇒ a c [Hartman, Mathys ’23, ’24]

[Córdova, Diab ’17; Manenti, Stergiou, Vichi ‘19]

• Measures energy distribution at infinity in a “conformal collider”

This talk: generalization of this

[Hartman, Kundu, Tajdini ’16]

[Faulkner, Leigh, Parrikar, Wang ’16]• ANEC:
<latexit sha1_base64="65BceaJ1Z+/A63JPeqeUPAsCeqk=">AAACC3icbVDLSsNAFJ34rPVVdelmsAiuSiJSXRZFcFnBPrAJZTKZNEMnkzhzI5TQT3DnVn/Cnbj1I/wHP8Jpm4W2HrhwOOdeOPf4qeAabPvLWlpeWV1bL22UN7e2d3Yre/ttnWSKshZNRKK6PtFMcMlawEGwbqoYiX3BOv7wauJ3HpnSPJF3MEqZF5OB5CGnBIx079Jr7A7YA7b7lapds6fAi8QpSBUVaPYr326Q0CxmEqggWvccOwUvJwo4FWxcdjPNUkKHZMB6hkoSM+3l08RjfGyUAIeJMiMBT9XfFzmJtR7FvtmMCUR63puI/3qBDnSUKIiIDOYyQHjh5VymGTBJZxHCTGBI8KQYHHDFKIiRIYQqbr7ANCKKUDD1lU09znwZi6R9WnPqtfrtWbVxWRRVQofoCJ0gB52jBrpBTdRCFEn0jF7Qq/VkvVnv1sdsdckqbg7QH1ifPyC8mw8=</latexit>

E → 0



Conformal collider bound in 3d

• 3d CFT:
<latexit sha1_base64="UjWP0FL1I7flS4rBqIGguE+dDNg="></latexit>

→TTT ↑ = nB→TTT ↑B + nF →TTT ↑F + nodd→TTT ↑odd

Ward identity:
<latexit sha1_base64="tU1conkzoNGt7vM1cGtylHWymV4=">AAAB+HicbVBNS8NAEJ34WetHox69LBZBEGoiUr0IpYJ4rNAvaEPYbDft0s0m7G6EWvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzZzW/ntnd29gr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLRV2PEupFuC9YyAjWRvLtgvCrZ8K/uyF+/Zz4Vd8uOiVnBrRM3IwUIUPNt7+6vZikERWacKxUx3US7Y2x1IxwOsl3U0UTTIa4TzuGChxR5Y1nh0/QiVF6KIylKaHRTP09McaRUqMoMJ0R1gO16E3F/7xOqsNrb8xEkmoqyHxRmHKkYzRNAfWYpETzkSGYSGZuRWSAJSbaZJU3IbiLLy+T5kXJLZfKD5fFSjWLIwdHcAyn4MIVVOAeatAAAik8wyu8WU/Wi/VufcxbV6xs5hD+wPr8ASOlkh8=</latexit>

nB + nF = cT /cB



Conformal collider bound in 3d

• 3d CFT:
<latexit sha1_base64="UjWP0FL1I7flS4rBqIGguE+dDNg="></latexit>

→TTT ↑ = nB→TTT ↑B + nF →TTT ↑F + nodd→TTT ↑odd

free bosonfree fermion

<latexit sha1_base64="cKr9iNtOQjY1LOUMAVQ79Tpj+gw=">AAACDnicbVBNS8NAEN34WetX1aOXxVLwVBKR6rEogscK/YImlM120i7dbOLuRihpf4EX/4oXD4p49ezNf+Om7UFbHww83pthZp4fc6a0bX9bK6tr6xubua389s7u3n7h4LCpokRSaNCIR7LtEwWcCWhopjm0Ywkk9Dm0/OF15rceQCoWiboexeCFpC9YwCjRRuoWSi4nos8B18duSPSAEp7eTMZ1V85ktw/32O4WinbZngIvE2dOimiOWrfw5fYimoQgNOVEqY5jx9pLidSMcpjk3URBTOiQ9KFjqCAhKC+dvjPBJaP0cBBJU0Ljqfp7IiWhUqPQN53ZyWrRy8T/vE6ig0svZSJONAg6WxQkHOsIZ9ngHpNANR8ZQqhk5lZMB0QSqk2CeROCs/jyMmmelZ1KuXJ3XqxezePIoWN0gk6Rgy5QFd2iGmogih7RM3pFb9aT9WK9Wx+z1hVrPnOE/sD6/AHucpwI</latexit>

→T |E|T ↑ ↓ 0

<latexit sha1_base64="xy/z4dPCI7gIl9a2mECBJgRUAak="></latexit>(
nB nodd

nodd nF

)
→ 0

Ward identity:
<latexit sha1_base64="tU1conkzoNGt7vM1cGtylHWymV4=">AAAB+HicbVBNS8NAEJ34WetHox69LBZBEGoiUr0IpYJ4rNAvaEPYbDft0s0m7G6EWvpLvHhQxKs/xZv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzZzW/ntnd29gr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyd+q1HKhWLRV2PEupFuC9YyAjWRvLtgvCrZ8K/uyF+/Zz4Vd8uOiVnBrRM3IwUIUPNt7+6vZikERWacKxUx3US7Y2x1IxwOsl3U0UTTIa4TzuGChxR5Y1nh0/QiVF6KIylKaHRTP09McaRUqMoMJ0R1gO16E3F/7xOqsNrb8xEkmoqyHxRmHKkYzRNAfWYpETzkSGYSGZuRWSAJSbaZJU3IbiLLy+T5kXJLZfKD5fFSjWLIwdHcAyn4MIVVOAeatAAAik8wyu8WU/Wi/VufcxbV6xs5hD+wPr8ASOlkh8=</latexit>

nB + nF = cT /cB

<latexit sha1_base64="NuhvLRRF5uCqueun1K5XyysTiP0=">AAACF3icbVDJSsRAEO24O26jHr00DoIXx0REPcoI4lHBWWAyhE5PRRs7ndhdGRxC/sKLv+LFgyJe9ebf2LMc3B4UPN6roqpemEph0HU/nYnJqemZ2bn50sLi0vJKeXWtYZJMc6jzRCa6FTIDUiioo0AJrVQDi0MJzfDmZOA3e6CNSNQl9lPoxOxKiUhwhlYKytW7IPcR7jCHHqiioD7cZqJH/UgznqugtqOC0yLnweUuD2pFUK64VXcI+pd4Y1IhY5wH5Q+/m/AsBoVcMmPanptiJ2caBZdQlPzMQMr4DbuCtqWKxWA6+fCvgm5ZpUujRNtSSIfq94mcxcb049B2xgyvzW9vIP7ntTOMjjq5UGmGoPhoUZRJigkdhES7QgNH2beEcS3srZRfM5sI2ihLNgTv98t/SWOv6h1UDy72K8e1cRxzZINskm3ikUNyTM7IOakTTu7JI3kmL86D8+S8Om+j1glnPLNOfsB5/wLo66Be</latexit>

xeven → nB ↑ nF

cT /cB

<latexit sha1_base64="sIo6ps3QztdmP3xLuK+N96kfDso=">AAACHnicbVBNS8NAEN34bf2qevSyWARPNRGtHkUvHhXsBzQlbDYTXdxs4u5ELCG/xIt/xYsHRQRP+m/c1h6s+mDg8d4MM/PCTAqDrvvpTExOTc/Mzs1XFhaXlleqq2stk+aaQ5OnMtWdkBmQQkETBUroZBpYEkpoh9cnA799C9qIVF1gP4Newi6ViAVnaKWgun8XFD7CHRZpFJUl9eEmF7fUjzXjxa4aM8uCBxc7PDgug2rNrbtD0L/EG5EaGeEsqL77UcrzBBRyyYzpem6GvYJpFFxCWfFzAxnj1+wSupYqloDpFcP3SrpllYjGqbalkA7VnxMFS4zpJ6HtTBhemd/eQPzP6+YYH/YKobIcQfHvRXEuKaZ0kBWNhAaOsm8J41rYWym/YjYZtIlWbAje75f/ktZu3WvUG+d7taPjURxzZINskm3ikQNyRE7JGWkSTu7JI3kmL86D8+S8Om/frRPOaGadjMH5+ALOuKQl</latexit>

xodd → 2nodd

cT /cB



Conformal collider bound in 4d

<latexit sha1_base64="f8CmF0mKa2S7N0exSL26D0M3ckE=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKKSscKFsYi0YfURJXj3rRWnQe2g1RF+QsWfoWFAYRYYeNvcB9DaTmSpeNzzpV9j59wJpVt/xiFtfWNza3idmlnd2//wDw8ask4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr+6Gbitx9BSBZH92qcgBeSQcQCRonSUs+03EAQmjl5VsldDg94did5RnO8IFR0wqnlPbNsW/YUeJU4c1JGczR65rfbj2kaQqQoJ1J2HTtRXkaEYpRDXnJTCQmhIzKArqYRCUF62XSvHJ9ppY+DWOgTKTxVFycyEko5Dn2dDIkaymVvIv7ndVMV1LyMRUmqIKKzh4KUYxXjSUm4zwRQxceaECqY/iumQ6J7ULrKki7BWV55lbQuLKdqVe8uy/XreR1FdIJO0Tly0BWqo1vUQE1E0RN6QW/o3Xg2Xo0P43MWLRjzmWP0B8bXL/Uhn8s=</latexit>

1

3
→ a

c
→ 31

18

• 4d CFT:

<latexit sha1_base64="WEFsmQd/K+88wiZWiCvuZ7i2dIM=">AAACJHicbZDLSsNAFIYn9VbrLerSzWgRXEhJRKrLUkFcVrAXaEOYTCbN0MkkzkyEEurWN3HnVl/Cnbhw4xP4EE7bLGrrDwc+/nMOnPN7CaNSWdaXUVhaXlldK66XNja3tnfM3b2WjFOBSRPHLBYdD0nCKCdNRRUjnUQQFHmMtL3B1bjffiBC0pjfqWFCnAj1OQ0oRkpbrnnI3Trs9ck9tE4fuXs9w60pumbZqlgTwUWwcyiDXA3X/On5MU4jwhVmSMqubSXKyZBQFDMyKvVSSRKEB6hPuho5ioh0sskrI3isHR8GsdDFFZy4sxsZiqQcRp6ejJAK5XxvbP7b86Uvw1ioEHF/7gYVXDoZ5UmqCMfTE4KUQRXDcWLQp4JgxYYaEBZUfwFxiATCSuda0vHY82EsQuusYlcr1dvzcq2eB1UEB+AInAAbXIAauAEN0AQYPIEX8ArejGfj3fgwPqejBSPf2Qd/ZHz/Arw9o60=</latexit>

nB → 0, nF → 0, nV → 0

<latexit sha1_base64="pqI1RiXYXl8ySoe/ZQtTvhTBwz8=">AAACOnicbVDLSsNAFJ3UV62vqEs3g0UQhJKItC5USoXiskL6gCaUyWTaDp1MwsxEKKWf4p+4c6sf4Nad6NIPcNqGoq0HLpxz7r1w7/FjRqWyrDcjs7K6tr6R3cxtbe/s7pn7Bw0ZJQKTOo5YJFo+koRRTuqKKkZasSAo9Blp+oPbSb/5QISkEXfUMCZeiHqcdilGSlsds+ReOY7j3sBryDsVmCrNzrSuznV1qhtz3eiYeatgTQGXiZ2SPEhR65hfbhDhJCRcYYakbNtWrLwREopiRsY5N5EkRniAeqStKUchkd5o+uAYnmgngN1I6OIKTt3fGyMUSjkMfT0ZItWXi72J+W8vkIHsR0L1EQ8WblDdS29EeZwowvHshG7CoIrgJEcYUEGwYkNNEBZUfwFxHwmElU47p+OxF8NYJo3zgl0sFO8v8uVKGlQWHIFjcApsUAJlcAdqoA4weATP4AW8Gk/Gu/FhfM5GM0a6cwj+wPj+ASjAqaA=</latexit>

→TTT ↑ = nB→TTT ↑B + nF →TTT ↑F + nV →TTT ↑V

Ward identity:

<latexit sha1_base64="cKr9iNtOQjY1LOUMAVQ79Tpj+gw=">AAACDnicbVBNS8NAEN34WetX1aOXxVLwVBKR6rEogscK/YImlM120i7dbOLuRihpf4EX/4oXD4p49ezNf+Om7UFbHww83pthZp4fc6a0bX9bK6tr6xubua389s7u3n7h4LCpokRSaNCIR7LtEwWcCWhopjm0Ywkk9Dm0/OF15rceQCoWiboexeCFpC9YwCjRRuoWSi4nos8B18duSPSAEp7eTMZ1V85ktw/32O4WinbZngIvE2dOimiOWrfw5fYimoQgNOVEqY5jx9pLidSMcpjk3URBTOiQ9KFjqCAhKC+dvjPBJaP0cBBJU0Ljqfp7IiWhUqPQN53ZyWrRy8T/vE6ig0svZSJONAg6WxQkHOsIZ9ngHpNANR8ZQqhk5lZMB0QSqk2CeROCs/jyMmmelZ1KuXJ3XqxezePIoWN0gk6Rgy5QFd2iGmogih7RM3pFb9aT9WK9Wx+z1hVrPnOE/sD6/AHucpwI</latexit>

→T |E|T ↑ ↓ 0

<latexit sha1_base64="AaWzF4J09kgGW92oyxdOT4dbUwY=">AAACE3icbVDLSsNAFJ34rPUVdelmsAhioSRFqhuhVBCXFfqCJoTJdNIOnUzCzEQoIf/gxl9x40IRt27c+TdO2yy09cDA4Zx7uXOOHzMqlWV9Gyura+sbm4Wt4vbO7t6+eXDYkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/vpn63QciJI14S01i4oZoyGlAMVJa8sxzJxAIp9xrlGvcuy3bVe51stSuWhm8hhg6sYhiFUHstTyzZFWsGeAysXNSAjmanvnlDCKchIQrzJCUfduKlZsioShmJCs6iSQxwmM0JH1NOQqJdNNZpgyeamUAg0joxxWcqb83UhRKOQl9PRkiNZKL3lT8z+snKrhyU8rjRBGO54eChEEdcloQHFBBsGITTRAWVP8V4hHSJSldY1GXYC9GXiadasWuVWr3F6V6I6+jAI7BCTgDNrgEdXAHmqANMHgEz+AVvBlPxovxbnzMR1eMfOcI/IHx+QPNvZw/</latexit>

nB + 6nF + 12nV

120
= c → cT

<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→



Saturation of conformal collider bounds

• These bounds are all saturated by free theories:

• Can one get stronger bounds for interacting CFTs?

[Maldacena, Zhiboedov ’12] [Chowdhury, David, Prakash ’17]

[Zhiboedov ’13]
<latexit sha1_base64="f8CmF0mKa2S7N0exSL26D0M3ckE=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKKSscKFsYi0YfURJXj3rRWnQe2g1RF+QsWfoWFAYRYYeNvcB9DaTmSpeNzzpV9j59wJpVt/xiFtfWNza3idmlnd2//wDw8ask4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr+6Gbitx9BSBZH92qcgBeSQcQCRonSUs+03EAQmjl5VsldDg94did5RnO8IFR0wqnlPbNsW/YUeJU4c1JGczR65rfbj2kaQqQoJ1J2HTtRXkaEYpRDXnJTCQmhIzKArqYRCUF62XSvHJ9ppY+DWOgTKTxVFycyEko5Dn2dDIkaymVvIv7ndVMV1LyMRUmqIKKzh4KUYxXjSUm4zwRQxceaECqY/iumQ6J7ULrKki7BWV55lbQuLKdqVe8uy/XreR1FdIJO0Tly0BWqo1vUQE1E0RN6QW/o3Xg2Xo0P43MWLRjzmWP0B8bXL/Uhn8s=</latexit>

1

3
→ a

c
→ 31

18

free vectorfree scalar

<latexit sha1_base64="l2rR2LTSUX/RonK0wHvApJ5TiHU=">AAACBXicbVDLSsNAFJ3UV62vqks3wSK4KolKFUEounFZwT6gDWUymTRDJzNh5kYooWt3bvUn3Ilbv8N/8COctFlo9cCFwzn3wrnHTzjT4DifVmlpeWV1rbxe2djc2t6p7u51tEwVoW0iuVQ9H2vKmaBtYMBpL1EUxz6nXX98k/vdB6o0k+IeJgn1YjwSLGQEQy4FV6eXw2rNqTsz2H+JW5AaKtAaVr8GgSRpTAUQjrXuu04CXoYVMMLptDJINU0wGeMR7RsqcEy1l82yTu0jowR2KJUZAfZM/XmR4VjrSeybzRhDpBe9XPzXC3SgI6kgwiJYyADhhZcxkaRABZlHCFNug7TzSuyAKUqATwzBRDHzhU0irDABU1zF1OMulvGXdE7qbqPeuDurNa+LosroAB2iY+Sic9REt6iF2oigCD2hZ/RiPVqv1pv1Pl8tWcXNPvoF6+Mb+yKY1A==</latexit>

d = 3 :

<latexit sha1_base64="NG6MKde75l4ukN9qvVDhdrK8JSI=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVRKRKoJQdOOygn1AG8pkMmmGTiZh5kYooWt3bvUn3Ilbv8N/8COctFlo64ELh3PuhXOPlwiuwba/rNLK6tr6RnmzsrW9s7tX3T/o6DhVlLVpLGLV84hmgkvWBg6C9RLFSOQJ1vXGt7nffWRK81g+wCRhbkRGkgecEsgl//r8alit2XV7BrxMnILUUIHWsPo98GOaRkwCFUTrvmMn4GZEAaeCTSuDVLOE0DEZsb6hkkRMu9ks6xSfGMXHQazMSMAz9fdFRiKtJ5FnNiMCoV70cvFfz9e+DmMFIZH+QgYILt2MyyQFJuk8QpAKDDHOK8E+V4yCmBhCqOLmC0xDoggFU1zF1OMslrFMOmd1p1Fv3J/XmjdFUWV0hI7RKXLQBWqiO9RCbURRiJ7RC3q1nqw36936mK+WrOLmEP2B9fkD/MGY1Q==</latexit>

d = 4 :

<latexit sha1_base64="ctK00S0ENqrixeUhbo6Ig3RqlJQ=">AAACH3icbVDLSgMxFM34rPU16tJNsAiCUGaKVJelblxWsA/ojEMmk2lDk8yQZIQy9E/c+CtuXCgi7vo3pu0stPXAhcM59yb3njBlVGnHmVpr6xubW9ulnfLu3v7BoX103FFJJjFp44QlshciRRgVpK2pZqSXSoJ4yEg3HN3O/O4TkYom4kGPU+JzNBA0phhpIwV2XQRN6CnKoRdLhHNPUxaR3GPmiQhNHmuT3L1cFQO74lSdOeAqcQtSAQVagf3tRQnOOBEaM6RU33VS7edIaooZmZS9TJEU4REakL6hAnGi/Hx+3wSeGyWCcSJNCQ3n6u+JHHGlxjw0nRzpoVr2ZuJ/Xj/T8Y2fU5Fmmgi8+CjOGNQJnIUFIyoJ1mxsCMKSml0hHiKTkzaRlk0I7vLJq6RTq7r1av3+qtJoFnGUwCk4AxfABdegAe5AC7QBBs/gFbyDD+vFerM+ra9F65pVzJyAP7CmP7oSo3A=</latexit>

nB → ω̃2

1 + ω̃2

<latexit sha1_base64="aINkIamTeIsbTrmYIBCE9Br0OxQ=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0URhJIUqS6LgrisYB/QxDCZTNqhk0mYmQgl5A/c+CtuXCji1q07/8Zpm4W2HrhwOOfemXuPnzAqlWV9G6Wl5ZXVtfJ6ZWNza3vH3N3ryDgVmLRxzGLR85EkjHLSVlQx0ksEQZHPSNcfXU387gMRksb8To0T4kZowGlIMVJa8sxj7l1DR9IIOqFAOLPzzD51FGUByRym3wlQfl/PPbNq1awp4CKxC1IFBVqe+eUEMU4jwhVmSMq+bSXKzZBQFDOSV5xUkgThERqQvqYcRUS62fSeHB5pJYBhLHRxBafq74kMRVKOI193RkgN5bw3Ef/z+qkKL9yM8iRVhOPZR2HKoIrhJBwYUEGwYmNNEBZU7wrxEOlclI6wokOw509eJJ16zW7UGrdn1eZlEUcZHIBDcAJscA6a4Aa0QBtg8AiewSt4M56MF+Pd+Ji1loxiZh/8gfH5A3AmnFI=</latexit>

nF → 1

1 + ω̃2

<latexit sha1_base64="95o4zcKSDQH+c9iVMyr9N30L98c=">AAACKHicbZDLSgMxFIYzXmu9VV26CRZBEMqMSHVn0Y3LCrYKnVoymTMazGSG5IxYhnkcN76KGxFFuvVJTC8Lrf4Q+PnOOUnOH6RSGHTdgTMzOze/sFhaKi+vrK6tVzY22ybJNIcWT2SirwNmQAoFLRQo4TrVwOJAwlVwfzasXz2ANiJRl9hPoRuzWyUiwRla1KucqF7uIzxinoRhUVDfiJj6kWbcYiFDyH1pbwtZUeTe/hS6OSh6lapbc0eif403MVUyUbNXefPDhGcxKOSSGdPx3BS7OdMouISi7GcGUsbv2S10rFUsBtPNR4sWdNeSkEaJtkchHdGfEzmLjenHge2MGd6Z6doQ/lfrZBgdd3Oh0gxB8fFDUSYpJnSYGg2FBo6ybw3jWti/Un7HbEposy3bELzplf+a9kHNq9fqF4fVxukkjhLZJjtkj3jkiDTIOWmSFuHkibyQd/LhPDuvzqczGLfOOJOZLfJLztc3xmKoQA==</latexit>

nodd → ω̃

1 + ω̃2

<latexit sha1_base64="TsJxYnjDiEa+qdCFQ+sQ7sCimTU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUSkiquiG5cV7AOaUiaTSTt0MgkzN0IIXbjxV9y4UMStH+HOv3HaZqGtBwYO59zDnXv8RHANjvNtrayurW9slrbK2zu7e/v2wWFbx6mirEVjEauuTzQTXLIWcBCsmyhGIl+wjj++mfqdB6Y0j+U9ZAnrR2QoecgpASMN7IoHXAQs94TJBGSCPYixx2UI2dXArjo1Zwa8TNyCVFGB5sD+8oKYphGTQAXRuuc6CfRzooBTwSZlL9UsIXRMhqxnqCQR0/18dsQEnxglwGGszJOAZ+rvRE4irbPIN5MRgZFe9Kbif14vhfCyn3OZpMAknS8KU4HNodNGcMAVoyAyQwhV3PwV0xFRhILprWxKcBdPXibts5pbr9XvzquN66KOEqqgY3SKXHSBGugWNVELUfSIntErerOerBfr3fqYj65YReYI/YH1+QO2v5gm</latexit>

ω̃ → ↑ :
<latexit sha1_base64="NTG9ijxu5FviUr27x5wXGgjYJ28=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIVHFVdOOygn1AE8pkctMOnUzCzEQosQt/xY0LRdz6G+78G6dtFtp6YOBwzj3MvSdIOVPacb6tpeWV1bX10kZ5c2t7Z9fe22+pJJMUmjThiewERAFnApqaaQ6dVAKJAw7tYHgz8dsPIBVLxL0epeDHpC9YxCjRRurZh55mPITc4yYTkjH2dIKdq55dcarOFHiRuAWpoAKNnv3lhQnNYhCacqJU13VS7edEakY5jMtepiAldEj60DVUkBiUn0/3H+MTo4Q4SqR5QuOp+juRk1ipURyYyZjogZr3JuJ/XjfT0aWfM5FmGgSdfRRlHJsbJ2XgkEmgmo8MIVQysyumAyIJ1aaysinBnT95kbTOqm6tWrs7r9SvizpK6Agdo1PkogtUR7eogZqIokf0jF7Rm/VkvVjv1sdsdMkqMgfoD6zPH0O8lZ4=</latexit>

ω̃ → 0 :free boson free fermion

(can be realized as large N Chern-Simons matter theories)



 for 4d N=1 SCFTsa/c
[Cho, Maruyoshi, Nardoni, Song ’24]

<latexit sha1_base64="Nav8q1fxI2U/HUqk5h/3amAPID0=">AAACFXicbVDLSgMxFM3UV62vUZdugkVwIWWmSnVZdOOygn1AZyiZ9E4bmnmYZIQyzE+48VfcuFDEreDOvzHTdlFbDwROzjmX5B4v5kwqy/oxCiura+sbxc3S1vbO7p65f9CSUSIoNGnEI9HxiATOQmgqpjh0YgEk8Di0vdFN7rcfQUgWhfdqHIMbkEHIfEaJ0lLPPHN8QWhqZ2k1czg84OmdZCnN8Jxwngd6ZtmqWBPgZWLPSBnN0OiZ304/okkAoaKcSNm1rVi5KRGKUQ5ZyUkkxISOyAC6moYkAOmmk60yfKKVPvYjoU+o8ESdn0hJIOU48HQyIGooF71c/M/rJsq/clMWxomCkE4f8hOOVYTzinCfCaCKjzUhVDD9V0yHRLegdJElXYK9uPIyaVUrdq1Su7so169ndRTRETpGp8hGl6iOblEDNRFFT+gFvaF349l4NT6Mz2m0YMxmDtEfGF+/6k+fTg==</latexit>

1

2
→ a

c
→ 3

2

<latexit sha1_base64="QFx690hVKWwFZ1lvgpMG3AIINZY=">AAACFnicbVDLSsNAFJ3UV62vaJdugkVwVRKRKoJQdONKKtgHNKVMJtN26GQmzNyIJdTvcOdWf8KduHXrP/gRTtsstPXAhcM598K5J4g50+C6X1ZuaXlldS2/XtjY3NresXf3GlomitA6kVyqVoA15UzQOjDgtBUriqOA02YwvJr4zXuqNJPiDkYx7US4L1iPEQxG6tpFn9xceI8+0AdIA5mI8HzctUtu2Z3CWSReRkooQ61rf/uhJElEBRCOtW57bgydFCtghNNxwU80jTEZ4j5tGypwRHUnnYYfO4dGCZ2eVGYEOFP190WKI61HUWA2IwwDPe9NxH+9UId6IBUMsAjnMkDvrJMyESdABZlF6CXcAelMOnJCpigBPjIEE8XMFw4ZYIUJmCYLph5vvoxF0jgue5Vy5fakVL3MisqjfXSAjpCHTlEVXaMaqiOCRugZvaBX68l6s96tj9lqzspuiugPrM8fIDCf8Q==</latexit>

N = 1 bound:
<latexit sha1_base64="LhyhmTg25H++bQ4VngB6UtRiXO0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuQlKkdVl047KCfUATymQ6aYfOTMLMRCghn+DGX3HjQhG3Lt35N07bgNp64MLhnHu5954wYVRp1/2yVlbX1jc2S1vl7Z3dvX374LCt4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+nvqdeyIVjcWdniQk4GgoaEQx0kbq22euU69CnxGlFOXQjyTCGcoznP+InlP1+nbFddwZ4DLxClIBBZp9+9MfxDjlRGjMkFI9z010kCGpKWYkL/upIgnCYzQkPUMF4kQF2eyhHJ4aZQCjWJoSGs7U3xMZ4kpNeGg6OdIjtehNxf+8XqqjyyCjIkk1EXi+KEoZ1DGcpgMHVBKs2cQQhCU1t0I8QiYTbTIsmxC8xZeXSbvqeDWndntRaVwVcZTAMTgB58ADddAAN6AJWgCDB/AEXsCr9Wg9W2/W+7x1xSpmjsAfWB/fhpCbqQ==</latexit>

0.72 ↭ a

c
↭ 1.21

• Values of  and  for a large set of 4d N=1 SCFTs:a c



Higher-spin ANEC

• Consider the leading spin-4 operator . We will try using its twist  as a 
proxy for the interaction:

O4 τ4

<latexit sha1_base64="oEGU31Me2L2crIxNLBDf3dvoLBw=">AAACHnicbZC7TgJBFIZn8YZ4W7WkmUhMsJDsEoKWRBtLTOSSsITMzg4wYXZ2nTlrQgiFb2Jnqy9hZ2z1HXwIB9hCwT85yZf/nJOc8/ux4Boc58vKrK1vbG5lt3M7u3v7B/bhUVNHiaKsQSMRqbZPNBNcsgZwEKwdK0ZCX7CWP7qe9VsPTGkeyTsYx6wbkoHkfU4JGKtn54PzMvYEu8cekKRXWXC5aOyznl1wSs5ceBXcFAooVb1nf3tBRJOQSaCCaN1xnRi6E6KAU8GmOS/RLCZ0RAasY1CSkOnuZP7EFJ8aJ8D9SJmSgOfu740JCbUeh76ZDAkM9XJvZv7bC3Sgh5GCIZHB0g3Qv+xOuIwTYJIuTugnAkOEZ1nhgCtGQYwNEKq4+QLTIVGEgkk0Z+Jxl8NYhWa55FZL1dtKoXaVBpVFeXSCishFF6iGblAdNRBFj+gZvaBX68l6s96tj8Voxkp3jtEfWZ8/cS+g2w==</latexit>

d→ 2 ↑ ω4 ↑ 2(d→ 2)

[Komargodski, Zhiboedov ’12]
[Fitzpatrick, Kaplan, Poland, Simmons-Duffin ’12]

<latexit sha1_base64="xW7WHIb2OqFT4C+0d8z0WjWG3gw=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLoxmWFthbaUCaTSTN0MhNmboRSunbnVn/Cnbj1O/wHP8JJm4W2HrhwOOdeOPcEqeAGXPfLKa2tb2xulbcrO7t7+wfVw6OuUZmmrEOVULoXEMMEl6wDHATrpZqRJBDsIRjf5v7DI9OGK9mGScr8hIwkjzglkEv9dtsfVmtu3Z0DrxKvIDVUoDWsfg9CRbOESaCCGNP33BT8KdHAqWCzyiAzLCV0TEasb6kkCTP+dJ51hs+sEuJIaTsS8Fz9fTEliTGTJLCbCYHYLHu5+K8XmtDESkNMZLiUAaJrf8plmgGTdBEhygQGhfNKcMg1oyAmlhCquf0C05hoQsEWV7H1eMtlrJLuRd1r1Bv3l7XmTVFUGZ2gU3SOPHSFmugOtVAHURSjZ/SCXp0n5815dz4WqyWnuDlGf+B8/gCAAZkm</latexit>

[TT ] double-twist



Higher-spin ANEC

• Consider the leading spin-4 operator . We will try using its twist  as a 
proxy for the interaction:

O4 τ4

• Spin-4 ANEC:

<latexit sha1_base64="oEGU31Me2L2crIxNLBDf3dvoLBw=">AAACHnicbZC7TgJBFIZn8YZ4W7WkmUhMsJDsEoKWRBtLTOSSsITMzg4wYXZ2nTlrQgiFb2Jnqy9hZ2z1HXwIB9hCwT85yZf/nJOc8/ux4Boc58vKrK1vbG5lt3M7u3v7B/bhUVNHiaKsQSMRqbZPNBNcsgZwEKwdK0ZCX7CWP7qe9VsPTGkeyTsYx6wbkoHkfU4JGKtn54PzMvYEu8cekKRXWXC5aOyznl1wSs5ceBXcFAooVb1nf3tBRJOQSaCCaN1xnRi6E6KAU8GmOS/RLCZ0RAasY1CSkOnuZP7EFJ8aJ8D9SJmSgOfu740JCbUeh76ZDAkM9XJvZv7bC3Sgh5GCIZHB0g3Qv+xOuIwTYJIuTugnAkOEZ1nhgCtGQYwNEKq4+QLTIVGEgkk0Z+Jxl8NYhWa55FZL1dtKoXaVBpVFeXSCishFF6iGblAdNRBFj+gZvaBX68l6s96tj8Voxkp3jtEfWZ8/cS+g2w==</latexit>

d→ 2 ↑ ω4 ↑ 2(d→ 2)

[Komargodski, Zhiboedov ’12]
[Fitzpatrick, Kaplan, Poland, Simmons-Duffin ’12]

[Kravchuk, Simmons-Duffin ’18]
[Hartman, Kundu, Tajdini ’16]

<latexit sha1_base64="rd0A78IfV3O124aIj8NsBZD+mj4="></latexit>

E4 →

∫
dx+

O4++++ ↑ 0

<latexit sha1_base64="xW7WHIb2OqFT4C+0d8z0WjWG3gw=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLoxmWFthbaUCaTSTN0MhNmboRSunbnVn/Cnbj1O/wHP8JJm4W2HrhwOOdeOPcEqeAGXPfLKa2tb2xulbcrO7t7+wfVw6OuUZmmrEOVULoXEMMEl6wDHATrpZqRJBDsIRjf5v7DI9OGK9mGScr8hIwkjzglkEv9dtsfVmtu3Z0DrxKvIDVUoDWsfg9CRbOESaCCGNP33BT8KdHAqWCzyiAzLCV0TEasb6kkCTP+dJ51hs+sEuJIaTsS8Fz9fTEliTGTJLCbCYHYLHu5+K8XmtDESkNMZLiUAaJrf8plmgGTdBEhygQGhfNKcMg1oyAmlhCquf0C05hoQsEWV7H1eMtlrJLuRd1r1Bv3l7XmTVFUGZ2gU3SOPHSFmugOtVAHURSjZ/SCXp0n5815dz4WqyWnuDlGf+B8/gCAAZkm</latexit>

[TT ] double-twist



Higher-spin ANEC

• Consider the leading spin-4 operator . We will try using its twist  as a 
proxy for the interaction:

O4 τ4

• Spin-4 ANEC:

• Can we replace e.g., the upper and lower bounds of  with functions of ?a /c τ4

<latexit sha1_base64="f8CmF0mKa2S7N0exSL26D0M3ckE=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiihKKSscKFsYi0YfURJXj3rRWnQe2g1RF+QsWfoWFAYRYYeNvcB9DaTmSpeNzzpV9j59wJpVt/xiFtfWNza3idmlnd2//wDw8ask4FRSaNOax6PhEAmcRNBVTHDqJABL6HNr+6Gbitx9BSBZH92qcgBeSQcQCRonSUs+03EAQmjl5VsldDg94did5RnO8IFR0wqnlPbNsW/YUeJU4c1JGczR65rfbj2kaQqQoJ1J2HTtRXkaEYpRDXnJTCQmhIzKArqYRCUF62XSvHJ9ppY+DWOgTKTxVFycyEko5Dn2dDIkaymVvIv7ndVMV1LyMRUmqIKKzh4KUYxXjSUm4zwRQxceaECqY/iumQ6J7ULrKki7BWV55lbQuLKdqVe8uy/XreR1FdIJO0Tly0BWqo1vUQE1E0RN6QW/o3Xg2Xo0P43MWLRjzmWP0B8bXL/Uhn8s=</latexit>

1

3
→ a

c
→ 31

18

<latexit sha1_base64="oEGU31Me2L2crIxNLBDf3dvoLBw=">AAACHnicbZC7TgJBFIZn8YZ4W7WkmUhMsJDsEoKWRBtLTOSSsITMzg4wYXZ2nTlrQgiFb2Jnqy9hZ2z1HXwIB9hCwT85yZf/nJOc8/ux4Boc58vKrK1vbG5lt3M7u3v7B/bhUVNHiaKsQSMRqbZPNBNcsgZwEKwdK0ZCX7CWP7qe9VsPTGkeyTsYx6wbkoHkfU4JGKtn54PzMvYEu8cekKRXWXC5aOyznl1wSs5ceBXcFAooVb1nf3tBRJOQSaCCaN1xnRi6E6KAU8GmOS/RLCZ0RAasY1CSkOnuZP7EFJ8aJ8D9SJmSgOfu740JCbUeh76ZDAkM9XJvZv7bC3Sgh5GCIZHB0g3Qv+xOuIwTYJIuTugnAkOEZ1nhgCtGQYwNEKq4+QLTIVGEgkk0Z+Jxl8NYhWa55FZL1dtKoXaVBpVFeXSCishFF6iGblAdNRBFj+gZvaBX68l6s96tj8Voxkp3jtEfWZ8/cS+g2w==</latexit>

d→ 2 ↑ ω4 ↑ 2(d→ 2)

[Komargodski, Zhiboedov ’12]
[Fitzpatrick, Kaplan, Poland, Simmons-Duffin ’12]

[Kravchuk, Simmons-Duffin ’18]
[Hartman, Kundu, Tajdini ’16]

<latexit sha1_base64="didz1XQQcmLGfjtZFUTKwo5exTA=">AAACNXicbVDLSgMxFM34rPVVdekmWARFLDMi6s6iGxcuFKwKnTJk0jsamnmY3BFKmJ9y43+40oULRdz6C6a1iFoPBA7n3MPNPWEmhUbXfXJGRsfGJyZLU+Xpmdm5+crC4rlOc8WhwVOZqsuQaZAigQYKlHCZKWBxKOEi7Bz2/ItbUFqkyRl2M2jF7CoRkeAMrRRUjqPAbBZrPrI82F73NTLeUSDNfmF8CTcF9SPFuGGF4ZYP2za+8R0PKlW35vZBh4k3IFUywElQefDbKc9jSJBLpnXTczNsGaZQcAlF2c81ZHYlu4KmpQmLQbdM/+qCrlqlTaNU2Zcg7as/E4bFWnfj0E7GDK/1X68n/uc1c4z2WkYkWY6Q8K9FUS4pprRXIW0LBRxl1xLGlbB/pfya2ZrQFl22JXh/Tx4m51s1b6e2c7pdrR8M6iiRZbJC1ohHdkmdHJET0iCc3JFH8kJenXvn2Xlz3r9GR5xBZon8gvPxCcXOrKQ=</latexit>

f→(ω4)
?
→ a

c

?
→ f+(ω4)

<latexit sha1_base64="xFGiBP55k5Mk1LsfaaPXUILLr2E=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsq9gHtUDKZtBOaSYbkjlKG/oI7t/oT7sSt/+A/+BGm7Sy09cCFwzn3wrknSAQ34LpfTmFldW19o7hZ2tre2d0r7x+0jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0PfXbD0wbruQ9jBPmx2Qo+YBTAlbq9u74MAKitXrslytu1Z0BLxMvJxWUo9Evf/dCRdOYSaCCGNP13AT8jGjgVLBJqZcalhA6IkPWtVSSmBk/m0We4BOrhHigtB0JeKb+vshIbMw4DuxmTCAyi95U/NcLTWgipSEiMlzIAINLP+MySYFJOo8wSAUGhafN4JBrRkGMLSFUc/sFphHRhILtr2Tr8RbLWCats6pXq9Zuzyv1q7yoIjpCx+gUeegC1dENaqAmokihZ/SCXp0n5815dz7mqwUnvzlEf+B8/gCs3pyR</latexit>→

<latexit sha1_base64="rd0A78IfV3O124aIj8NsBZD+mj4="></latexit>

E4 →

∫
dx+

O4++++ ↑ 0

<latexit sha1_base64="xW7WHIb2OqFT4C+0d8z0WjWG3gw=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLoxmWFthbaUCaTSTN0MhNmboRSunbnVn/Cnbj1O/wHP8JJm4W2HrhwOOdeOPcEqeAGXPfLKa2tb2xulbcrO7t7+wfVw6OuUZmmrEOVULoXEMMEl6wDHATrpZqRJBDsIRjf5v7DI9OGK9mGScr8hIwkjzglkEv9dtsfVmtu3Z0DrxKvIDVUoDWsfg9CRbOESaCCGNP33BT8KdHAqWCzyiAzLCV0TEasb6kkCTP+dJ51hs+sEuJIaTsS8Fz9fTEliTGTJLCbCYHYLHu5+K8XmtDESkNMZLiUAaJrf8plmgGTdBEhygQGhfNKcMg1oyAmlhCquf0C05hoQsEWV7H1eMtlrJLuRd1r1Bv3l7XmTVFUGZ2gU3SOPHSFmugOtVAHURSjZ/SCXp0n5815dz4WqyWnuDlGf+B8/gCAAZkm</latexit>

[TT ] double-twist



Setup

• Idea: impose ANEC and spin-4 ANEC in a mixed system of  and .T O4

<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)

<latexit sha1_base64="j8OAdPb89RWr9ulWYqpFtEauV08="></latexit>(
→T |E4|T ↑ →T |E4|O4↑

→O4|E4|T ↑ →O4|E4|O4↑

)
<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0



Setup

<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)

<latexit sha1_base64="j8OAdPb89RWr9ulWYqpFtEauV08="></latexit>(
→T |E4|T ↑ →T |E4|O4↑

→O4|E4|T ↑ →O4|E4|O4↑

)
<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0

<latexit sha1_base64="UBa3Nmk5WY4lHoPVeYPBi5vrGXs=">AAACDXicbVDLSsNAFJ3UV62vqks3wSK4KolIdVl0484KfUETwmQyaYdOZsLMjVBCv8GdW/0Jd+LWb/Af/AinbRbaeuDC4Zx74dwTppxpcJwvq7S2vrG5Vd6u7Ozu7R9UD4+6WmaK0A6RXKp+iDXlTNAOMOC0nyqKk5DTXji+nfm9R6o0k6INk5T6CR4KFjOCwUiex4O83fbIfXA5Dao1p+7MYa8StyA1VKAVVL+9SJIsoQIIx1oPXCcFP8cKGOF0WvEyTVNMxnhIB4YKnFDt5/PMU/vMKJEdS2VGgD1Xf1/kONF6koRmM8Ew0sveTPzXi3SkR1LBCItoKQPE137ORJoBFWQRIc64DdKeVWNHTFECfGIIJoqZL2wywgoTMAVWTD3uchmrpHtRdxv1xsNlrXlTFFVGJ+gUnSMXXaEmukMt1EEEpegZvaBX68l6s96tj8VqySpujtEfWJ8/pmycfg==</latexit>

ωTTO4

<latexit sha1_base64="5FZomiyzuU1pWucfwqlvQgJuxpA=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSK4KomU6rLoxp0V+oImhMlk0gydzISZSaGEfoY7t/oT7sStH+A/+BFO0yy09cAMh3PuhXNPkFIilW1/GZWNza3tnepubW//4PDIPD7pS54JhHuIUy6GAZSYEoZ7iiiKh6nAMAkoHgSTu4U/mGIhCWddNUuxl8AxIxFBUGnJN02X+rmLHvxmt/jnvlm3G3YBa504JamDEh3f/HZDjrIEM4UolHLk2KnycigUQRTPa24mcQrRBI7xSFMGEyy9vEg+ty60EloRF/oxZRXq740cJlLOkkBPJlDFctVbiP96oQxlzIWKIQtXMqjoxssJSzOFGVpGiDJqKW4tCrJCIjBSdKYJRILoKywUQwGR0jXWdD3OahnrpH/VcFqN1mOz3r4ti6qCM3AOLoEDrkEb3IMO6AEEpuAZvIBX48l4M96Nj+VoxSh3TsEfGJ8/466eJA==</latexit>

ωO4TO4

<latexit sha1_base64="dju4HBttk+0+wmYdbXpiTtE8lL8="></latexit>∑

i

ciω
(i)
O4TO4

→ !4

Ward identity:

• Idea: impose ANEC and spin-4 ANEC in a mixed system of  and .T O4



Setup

<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)

<latexit sha1_base64="j8OAdPb89RWr9ulWYqpFtEauV08="></latexit>(
→T |E4|T ↑ →T |E4|O4↑

→O4|E4|T ↑ →O4|E4|O4↑

)
<latexit sha1_base64="Vcaxq8LjL/xjO4q/DOlM9tMapdI=">AAACCnicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsK9iHtUDKZO21oJhmTjFCG/oE7t/oT7sStP+E/+BGm7Sy09cCFwzn3wrknSDjTxnW/nMLK6tr6RnGztLW9s7tX3j9oaZkqCk0quVSdgGjgTEDTMMOhkyggccChHYyup377EZRmUtyZcQJ+TAaCRYwSY6X7nk4phQfs9ssVt+rOgJeJl5MKytHol797oaRpDMJQTrTuem5i/IwowyiHSamXakgIHZEBdC0VJAbtZ7PAE3xilRBHUtkRBs/U3xcZibUex4HdjIkZ6kVvKv7rhTrUQ6nMkIhwIYOJLv2MiSQ1IOg8QpRybCSe9oJDpoAaPraEUMXsF5gOiSLU2PZKth5vsYxl0jqrerVq7fa8Ur/KiyqiI3SMTpGHLlAd3aAGaiKKYvSMXtCr8+S8Oe/Ox3y14OQ3h+gPnM8fNCebKA==</latexit>→ 0

<latexit sha1_base64="UBa3Nmk5WY4lHoPVeYPBi5vrGXs=">AAACDXicbVDLSsNAFJ3UV62vqks3wSK4KolIdVl0484KfUETwmQyaYdOZsLMjVBCv8GdW/0Jd+LWb/Af/AinbRbaeuDC4Zx74dwTppxpcJwvq7S2vrG5Vd6u7Ozu7R9UD4+6WmaK0A6RXKp+iDXlTNAOMOC0nyqKk5DTXji+nfm9R6o0k6INk5T6CR4KFjOCwUiex4O83fbIfXA5Dao1p+7MYa8StyA1VKAVVL+9SJIsoQIIx1oPXCcFP8cKGOF0WvEyTVNMxnhIB4YKnFDt5/PMU/vMKJEdS2VGgD1Xf1/kONF6koRmM8Ew0sveTPzXi3SkR1LBCItoKQPE137ORJoBFWQRIc64DdKeVWNHTFECfGIIJoqZL2wywgoTMAVWTD3uchmrpHtRdxv1xsNlrXlTFFVGJ+gUnSMXXaEmukMt1EEEpegZvaBX68l6s96tj8VqySpujtEfWJ8/pmycfg==</latexit>

ωTTO4

<latexit sha1_base64="5FZomiyzuU1pWucfwqlvQgJuxpA=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSK4KomU6rLoxp0V+oImhMlk0gydzISZSaGEfoY7t/oT7sStH+A/+BFO0yy09cAMh3PuhXNPkFIilW1/GZWNza3tnepubW//4PDIPD7pS54JhHuIUy6GAZSYEoZ7iiiKh6nAMAkoHgSTu4U/mGIhCWddNUuxl8AxIxFBUGnJN02X+rmLHvxmt/jnvlm3G3YBa504JamDEh3f/HZDjrIEM4UolHLk2KnycigUQRTPa24mcQrRBI7xSFMGEyy9vEg+ty60EloRF/oxZRXq740cJlLOkkBPJlDFctVbiP96oQxlzIWKIQtXMqjoxssJSzOFGVpGiDJqKW4tCrJCIjBSdKYJRILoKywUQwGR0jXWdD3OahnrpH/VcFqN1mOz3r4ti6qCM3AOLoEDrkEb3IMO6AEEpuAZvIBX48l4M96Nj+VoxSh3TsEfGJ8/466eJA==</latexit>

ωO4TO4

<latexit sha1_base64="dju4HBttk+0+wmYdbXpiTtE8lL8="></latexit>∑

i

ciω
(i)
O4TO4

→ !4

Ward identity:

• Idea: impose ANEC and spin-4 ANEC in a mixed system of T and .O4

<latexit sha1_base64="MsC8vYbfN7YMomHvK1q1vKJZYtU="></latexit>

→T |E4|T ↑ = x4B→T |E4|T ↑B + x4F →T |E4|T ↑F + x4V →T |E4|T ↑V
<latexit sha1_base64="0smIBQz9l0OFszMDH91Jkkd7/RA=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQkZJIqS5LBXFZwT6gDWEynbRDJ5M4MxFLqN/gxl9x40IRt27c+TdO2ixs64WB87iXO/d4EaNSWdaPkVtaXlldy68XNja3tnfM3b2mDGOBSQOHLBRtD0nCKCcNRRUj7UgQFHiMtLzhZeq37omQNOS3ahQRJ0B9Tn2KkdKSa548uEm5NobdPrmD1uljSq9maXM8Za5ZtErWpOAisDNQBFnVXfO72wtxHBCuMENSdmwrUk6ChKKYkXGhG0sSITxEfdLRkKOASCeZ3DSGR1rpQT8U+nEFJ+rfiQQFUo4CT3cGSA3kvJeK/3mdWPkXTkJ5FCvC8XSRHzOoQpgGBHtUEKzYSAOEBdV/hXiABMJKx1jQIdjzJy+C5lnJrpQqN+VitZbFkQcH4BAcAxucgyq4BnXQABg8gRfwBt6NZ+PV+DA+p605I5vZBzNlfP0CTxSckA==</latexit>

x4B → 0, x4F → 0, x4V → 0

<latexit sha1_base64="lWDF+9gKL5G/aXhvNR0iDJmPJI0=">AAAB7HicbVBNS8NAEJ3Ur1o/WvXoZbEI9VISKdWLUPTisYJpC20om82mXbrZhN2NUEJ/gxcPinj1B3nz37htc9DWBwOP92aYmecnnClt299WYWNza3unuFva2z84LFeOjjsqTiWhLol5LHs+VpQzQV3NNKe9RFIc+Zx2/cnd3O8+UalYLB71NKFehEeChYxgbSS3Ftw0LoaVql23F0DrxMlJFXK0h5WvQRCTNKJCE46V6jt2or0MS80Ip7PSIFU0wWSCR7RvqMARVV62OHaGzo0SoDCWpoRGC/X3RIYjpaaRbzojrMdq1ZuL/3n9VIfXXsZEkmoqyHJRmHKkYzT/HAVMUqL51BBMJDO3IjLGEhNt8imZEJzVl9dJ57LuNOvNh0a1dZvHUYRTOIMaOHAFLbiHNrhAgMEzvMKbJawX6936WLYWrHzmBP7A+vwBh7eN3Q==</latexit>

(d = 4)



Setup

<latexit sha1_base64="493vF7AyUAOaQZo8gRfhuNP438Q=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EUjcuq9gHtCFMptN26GQSZiZKDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSeIOVPacb6t3NLyyupafr2wsbm1vWPv7jVUlEhC6yTikWwFWFHOBK1rpjltxZLiMOC0GQyvJn7znkrFInGnRzH1QtwXrMcI1kby7QPhV9ElclDnlvUHGksZPSDfLjolZwq0SNyMFCFDzbe/Ot2IJCEVmnCsVNt1Yu2lWGpGOB0XOomiMSZD3KdtQwUOqfLS6fVjdGyULupF0pTQaKr+nkhxqNQoDExniPVAzXsT8T+vnejehZcyESeaCjJb1Es40hGaRIG6TFKi+cgQTCQztyIywBITbQIrmBDc+ZcXSeO05JZL5ZuzYqWaxZGHQziCE3DhHCpwDTWoA4FHeIZXeLOerBfr3fqYteasbGYf/sD6/AF/OpP/</latexit>

nB = 0 →
<latexit sha1_base64="MXiM50yGwfHXnPKmo+xLzBzGJxg=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokUqoboVQQlxXsBdoQJtNJO3RyYWYiltCNG1/FjQtF3PoO7nwbJ20Fbf1h4OM/53Dm/F7MmVSW9WXklpZXVtfy64WNza3tHXN3rymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vAyq7fuqJAsCm/VKKZOgPsh8xnBSluueXjvpuXaGF2gDK5+oJmB5ZpFq2RNhBbBnkERZqq75me3F5EkoKEiHEvZsa1YOSkWihFOx4VuImmMyRD3aUdjiAMqnXRyxRgda6eH/EjoFyo0cX9PpDiQchR4ujPAaiDna5n5X62TKP/cSVkYJ4qGZLrITzhSEcoiQT0mKFF8pAETwfRfERlggYnSwRV0CPb8yYvQPC3ZlVLlplys1mZx5OEAjuAEbDiDKlxDHRpA4AGe4AVejUfj2Xgz3qetOWM2sw9/ZHx8AwdMllw=</latexit>

x4B = x4F = x4V = 0

<latexit sha1_base64="kPko2QHoh345ENB5GIrgttcq44Q=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbFjSUppboRSt24rGAf0IQwmUzboZNJmJmIJbS48VfcuFDErT/hzr9x2mah1QMXzpxzL3Pv8WNGpbKsLyO3tLyyupZfL2xsbm3vmLt7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w6up374jQtKI36pRTNwQ9TntUYyUljzz4N5LK/UxvITWxDmZOAolXkW/grOyZxatkjUD/EvsjBRBhoZnfjpBhJOQcIUZkrJrW7FyUyQUxYyMC04iSYzwEPVJV1OOQiLddHbDGB5rJYC9SOjiCs7UnxMpCqUchb7uDJEayEVvKv7ndRPVu3BTyuNEEY7nH/USBlUEp4HAgAqCFRtpgrCgeleIB0ggrHRsBR2CvXjyX9Iql+xqqXpTKdbqWRx5cAiOwCmwwTmogWvQAE2AwQN4Ai/g1Xg0no03433emjOymX3wC8bHN7FJlaM=</latexit>

x4B = 0 & ω4 = d→ 2
[Meltzer ’18]

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)
<latexit sha1_base64="j8OAdPb89RWr9ulWYqpFtEauV08="></latexit>(
→T |E4|T ↑ →T |E4|O4↑

→O4|E4|T ↑ →O4|E4|O4↑

)

or

• Can’t get stronger bound without extra conditions on .λTTO4



Setup

• Can’t get stronger bound without extra conditions on .λTTO4

• Our result:

<latexit sha1_base64="493vF7AyUAOaQZo8gRfhuNP438Q=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EUjcuq9gHtCFMptN26GQSZiZKDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSeIOVPacb6t3NLyyupafr2wsbm1vWPv7jVUlEhC6yTikWwFWFHOBK1rpjltxZLiMOC0GQyvJn7znkrFInGnRzH1QtwXrMcI1kby7QPhV9ElclDnlvUHGksZPSDfLjolZwq0SNyMFCFDzbe/Ot2IJCEVmnCsVNt1Yu2lWGpGOB0XOomiMSZD3KdtQwUOqfLS6fVjdGyULupF0pTQaKr+nkhxqNQoDExniPVAzXsT8T+vnejehZcyESeaCjJb1Es40hGaRIG6TFKi+cgQTCQztyIywBITbQIrmBDc+ZcXSeO05JZL5ZuzYqWaxZGHQziCE3DhHCpwDTWoA4FHeIZXeLOerBfr3fqYteasbGYf/sD6/AF/OpP/</latexit>

nB = 0 →
<latexit sha1_base64="MXiM50yGwfHXnPKmo+xLzBzGJxg=">AAACBXicbZDLSsNAFIZP6q3WW9SlLgaL4KokUqoboVQQlxXsBdoQJtNJO3RyYWYiltCNG1/FjQtF3PoO7nwbJ20Fbf1h4OM/53Dm/F7MmVSW9WXklpZXVtfy64WNza3tHXN3rymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vAyq7fuqJAsCm/VKKZOgPsh8xnBSluueXjvpuXaGF2gDK5+oJmB5ZpFq2RNhBbBnkERZqq75me3F5EkoKEiHEvZsa1YOSkWihFOx4VuImmMyRD3aUdjiAMqnXRyxRgda6eH/EjoFyo0cX9PpDiQchR4ujPAaiDna5n5X62TKP/cSVkYJ4qGZLrITzhSEcoiQT0mKFF8pAETwfRfERlggYnSwRV0CPb8yYvQPC3ZlVLlplys1mZx5OEAjuAEbDiDKlxDHRpA4AGe4AVejUfj2Xgz3qetOWM2sw9/ZHx8AwdMllw=</latexit>

x4B = x4F = x4V = 0

<latexit sha1_base64="kPko2QHoh345ENB5GIrgttcq44Q=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbFjSUppboRSt24rGAf0IQwmUzboZNJmJmIJbS48VfcuFDErT/hzr9x2mah1QMXzpxzL3Pv8WNGpbKsLyO3tLyyupZfL2xsbm3vmLt7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w6up374jQtKI36pRTNwQ9TntUYyUljzz4N5LK/UxvITWxDmZOAolXkW/grOyZxatkjUD/EvsjBRBhoZnfjpBhJOQcIUZkrJrW7FyUyQUxYyMC04iSYzwEPVJV1OOQiLddHbDGB5rJYC9SOjiCs7UnxMpCqUchb7uDJEayEVvKv7ndRPVu3BTyuNEEY7nH/USBlUEp4HAgAqCFRtpgrCgeleIB0ggrHRsBR2CvXjyX9Iql+xqqXpTKdbqWRx5cAiOwCmwwTmogWvQAE2AwQN4Ai/g1Xg0no03433emjOymX3wC8bHN7FJlaM=</latexit>

x4B = 0 & ω4 = d→ 2
[Meltzer ’18]

<latexit sha1_base64="didz1XQQcmLGfjtZFUTKwo5exTA=">AAACNXicbVDLSgMxFM34rPVVdekmWARFLDMi6s6iGxcuFKwKnTJk0jsamnmY3BFKmJ9y43+40oULRdz6C6a1iFoPBA7n3MPNPWEmhUbXfXJGRsfGJyZLU+Xpmdm5+crC4rlOc8WhwVOZqsuQaZAigQYKlHCZKWBxKOEi7Bz2/ItbUFqkyRl2M2jF7CoRkeAMrRRUjqPAbBZrPrI82F73NTLeUSDNfmF8CTcF9SPFuGGF4ZYP2za+8R0PKlW35vZBh4k3IFUywElQefDbKc9jSJBLpnXTczNsGaZQcAlF2c81ZHYlu4KmpQmLQbdM/+qCrlqlTaNU2Zcg7as/E4bFWnfj0E7GDK/1X68n/uc1c4z2WkYkWY6Q8K9FUS4pprRXIW0LBRxl1xLGlbB/pfya2ZrQFl22JXh/Tx4m51s1b6e2c7pdrR8M6iiRZbJC1ohHdkmdHJET0iCc3JFH8kJenXvn2Xlz3r9GR5xBZon8gvPxCcXOrKQ=</latexit>

f→(ω4)
?
→ a

c

?
→ f+(ω4)

<latexit sha1_base64="T3+J2utdUdSwYJwSRBBnKklF6kg="></latexit>

f→(ω4,εTTO4) →
a

c
→ f+(ω4,εTTO4)

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)
<latexit sha1_base64="j8OAdPb89RWr9ulWYqpFtEauV08="></latexit>(
→T |E4|T ↑ →T |E4|O4↑

→O4|E4|T ↑ →O4|E4|O4↑

)

or



Computing positive matrices

• The positive matrices can be computed by starting with e.g., 
, and then perform⟨O(x1)T(x2)O(x3)⟩

[Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov ’19]

[Mecaj, Moult, Walters, Xin ’25]- Null integral (light transform) ∫ dx+

- Fourier transform ∫ ddx eip⋅x <latexit sha1_base64="xFGiBP55k5Mk1LsfaaPXUILLr2E=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsq9gHtUDKZtBOaSYbkjlKG/oI7t/oT7sSt/+A/+BGm7Sy09cCFwzn3wrknSAQ34LpfTmFldW19o7hZ2tre2d0r7x+0jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0PfXbD0wbruQ9jBPmx2Qo+YBTAlbq9u74MAKitXrslytu1Z0BLxMvJxWUo9Evf/dCRdOYSaCCGNP13AT8jGjgVLBJqZcalhA6IkPWtVSSmBk/m0We4BOrhHigtB0JeKb+vshIbMw4DuxmTCAyi95U/NcLTWgipSEiMlzIAINLP+MySYFJOo8wSAUGhafN4JBrRkGMLSFUc/sFphHRhILtr2Tr8RbLWCats6pXq9Zuzyv1q7yoIjpCx+gUeegC1dENaqAmokihZ/SCXp0n5815dz7mqwUnvzlEf+B8/gCs3pyR</latexit>→ <latexit sha1_base64="NEetjIqU/9D/p0jp86sxnBRi9+4=">AAACHnicbVDLSgMxFM34rPU16rKbYBFakDIjUl2IFEVwZwX7gM5QMpm0Dc0kQ5IRaunCP3HnVn/CnbjVf/AjTNtZaOuBC4dz7oVzTxAzqrTjfFkLi0vLK6uZtez6xubWtr2zW1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+pdjv3FPpKKC3+lBTPwIdTntUIy0kdp2zjvz8E0hLkIPXxU8IQ4filPBO2/beafkTADniZuSPEhRbdvfXihwEhGuMUNKtVwn1v4QSU0xI6OslygSI9xHXdIylKOIKH84eWIED4wSwo6QZriGE/X3xRBFSg2iwGxGSPfUrDcW//VCFaqekLqHeDiTQXdO/SHlcaIJx9MInYRBLeC4KxhSSbBmA0MQltR8AXEPSYS1aTRr6nFny5gn9aOSWy6Vb4/zlYu0qAzIgX1QAC44ARVwDaqgBjB4BM/gBbxaT9ab9W59TFcXrPRmD/yB9fkDrVuhAg==</latexit>

→O(p)E(↑, z)O(p)↓



Computing positive matrices

• Then, one turns                                         into a matrix by picking a basis for 
the Lorentz representations of     .

<latexit sha1_base64="NEetjIqU/9D/p0jp86sxnBRi9+4=">AAACHnicbVDLSgMxFM34rPU16rKbYBFakDIjUl2IFEVwZwX7gM5QMpm0Dc0kQ5IRaunCP3HnVn/CnbjVf/AjTNtZaOuBC4dz7oVzTxAzqrTjfFkLi0vLK6uZtez6xubWtr2zW1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+pdjv3FPpKKC3+lBTPwIdTntUIy0kdp2zjvz8E0hLkIPXxU8IQ4filPBO2/beafkTADniZuSPEhRbdvfXihwEhGuMUNKtVwn1v4QSU0xI6OslygSI9xHXdIylKOIKH84eWIED4wSwo6QZriGE/X3xRBFSg2iwGxGSPfUrDcW//VCFaqekLqHeDiTQXdO/SHlcaIJx9MInYRBLeC4KxhSSbBmA0MQltR8AXEPSYS1aTRr6nFny5gn9aOSWy6Vb4/zlYu0qAzIgX1QAC44ARVwDaqgBjB4BM/gBbxaT9ab9W59TFcXrPRmD/yB9fkDrVuhAg==</latexit>

→O(p)E(↑, z)O(p)↓
<latexit sha1_base64="ESHOYe0A0Kx/W8lgORcokxep/ZM=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2dE84BkCbOzs9khszPLzKwQQlo7W/0JO7H1P/wHP8JJsoUmHrhwOOdeOPcEKWfauO6XU1hZXVvfKG6WtrZ3dvfK+wctLTNFaJNILlUnwJpyJmjTMMNpJ1UUJwGn7WB4PfXbj1RpJsWDGaXUT/BAsIgRbKx03yO3/XLFrbozoGXi5aQCORr98ncvlCRLqDCEY627npsaf4yVYYTTSamXaZpiMsQD2rVU4IRqfzyLOkEnVglRJJUdYdBM/X0xxonWoySwmwk2sV70puK/XqhDHUtlYizChQwmuvTHTKSZoYLMI0QZR0aiaSMoZIoSw0eWYKKY/QKRGCtMjO2tZOvxFstYJq2zqler1u7OK/WrvKgiHMExnIIHF1CHG2hAEwgM4Ble4NV5ct6cd+djvlpw8ptD+APn8wfVYpjK</latexit>

O

• The positive matrices can be computed by starting with e.g., 
, and then perform⟨O(x1)T(x2)O(x3)⟩

[Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov ’19]

[Mecaj, Moult, Walters, Xin ’25]- Null integral (light transform) ∫ dx+

- Fourier transform ∫ ddx eip⋅x <latexit sha1_base64="xFGiBP55k5Mk1LsfaaPXUILLr2E=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsq9gHtUDKZtBOaSYbkjlKG/oI7t/oT7sSt/+A/+BGm7Sy09cCFwzn3wrknSAQ34LpfTmFldW19o7hZ2tre2d0r7x+0jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0PfXbD0wbruQ9jBPmx2Qo+YBTAlbq9u74MAKitXrslytu1Z0BLxMvJxWUo9Evf/dCRdOYSaCCGNP13AT8jGjgVLBJqZcalhA6IkPWtVSSmBk/m0We4BOrhHigtB0JeKb+vshIbMw4DuxmTCAyi95U/NcLTWgipSEiMlzIAINLP+MySYFJOo8wSAUGhafN4JBrRkGMLSFUc/sFphHRhILtr2Tr8RbLWCats6pXq9Zuzyv1q7yoIjpCx+gUeegC1dENaqAmokihZ/SCXp0n5815dz7mqwUnvzlEf+B8/gCs3pyR</latexit>→ <latexit sha1_base64="NEetjIqU/9D/p0jp86sxnBRi9+4=">AAACHnicbVDLSgMxFM34rPU16rKbYBFakDIjUl2IFEVwZwX7gM5QMpm0Dc0kQ5IRaunCP3HnVn/CnbjVf/AjTNtZaOuBC4dz7oVzTxAzqrTjfFkLi0vLK6uZtez6xubWtr2zW1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+pdjv3FPpKKC3+lBTPwIdTntUIy0kdp2zjvz8E0hLkIPXxU8IQ4filPBO2/beafkTADniZuSPEhRbdvfXihwEhGuMUNKtVwn1v4QSU0xI6OslygSI9xHXdIylKOIKH84eWIED4wSwo6QZriGE/X3xRBFSg2iwGxGSPfUrDcW//VCFaqekLqHeDiTQXdO/SHlcaIJx9MInYRBLeC4KxhSSbBmA0MQltR8AXEPSYS1aTRr6nFny5gn9aOSWy6Vb4/zlYu0qAzIgX1QAC44ARVwDaqgBjB4BM/gBbxaT9ab9W59TFcXrPRmD/yB9fkDrVuhAg==</latexit>

→O(p)E(↑, z)O(p)↓



Computing positive matrices

[Kravchuk ’17][Gelfand, Tsetlin ’50]

- Gelfand-Tsetlin basis: each basis vector is associated with an SO(2) irrep

<latexit sha1_base64="/fh7EeHvB7Cq/x/7M38A4CRL+0g=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwVRKRKoJQdOPOCvaBbSiTyaQZOpmEmRuhhH6CO7f6E+7ErR/hP/gRTtsstPXAhcM598K5x0sE12DbX1ZhaXllda24XtrY3NreKe/utXScKsqaNBax6nhEM8ElawIHwTqJYiTyBGt7w+uJ335kSvNY3sMoYW5EBpIHnBIw0kOP3l6a6Z9e9MsVu2pPgReJk5MKytHol797fkzTiEmggmjddewE3Iwo4FSwcamXapYQOiQD1jVUkohpN5smHuMjo/g4iJUZCXiq/r7ISKT1KPLMZkQg1PPeRPzX87Wvw1hBSKQ/lwGCczfjMkmBSTqLEKQCQ4wnxWCfK0ZBjAwhVHHzBaYhUYSCqa9k6nHmy1gkrZOqU6vW7k4r9au8qCI6QIfoGDnoDNXRDWqgJqJIomf0gl6tJ+vNerc+ZqsFK7/ZR39gff4ASbybKA==</latexit>

O = O4 :
<latexit sha1_base64="xFGiBP55k5Mk1LsfaaPXUILLr2E=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsq9gHtUDKZtBOaSYbkjlKG/oI7t/oT7sSt/+A/+BGm7Sy09cCFwzn3wrknSAQ34LpfTmFldW19o7hZ2tre2d0r7x+0jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0PfXbD0wbruQ9jBPmx2Qo+YBTAlbq9u74MAKitXrslytu1Z0BLxMvJxWUo9Evf/dCRdOYSaCCGNP13AT8jGjgVLBJqZcalhA6IkPWtVSSmBk/m0We4BOrhHigtB0JeKb+vshIbMw4DuxmTCAyi95U/NcLTWgipSEiMlzIAINLP+MySYFJOo8wSAUGhafN4JBrRkGMLSFUc/sFphHRhILtr2Tr8RbLWCats6pXq9Zuzyv1q7yoIjpCx+gUeegC1dENaqAmokihZ/SCXp0n5815dz7mqwUnvzlEf+B8/gCs3pyR</latexit>→ <latexit sha1_base64="FBYHQf7VzrSu0XdZzRotH5L0Ico=">AAACBHicbVC7SgNBFL0bXzG+opY2i0GwCrsi0TJoYyNENA9IljA7O5sdMo9lZlYIIa2drf6Endj6H/6DH+Ek2UITD1w4nHMvnHvClFFtPO/LKaysrq1vFDdLW9s7u3vl/YOWlpnCpIklk6oTIk0YFaRpqGGkkyqCeMhIOxxeT/32I1GaSvFgRikJOBoIGlOMjJXub/u8X654VW8Gd5n4OalAjka//N2LJM44EQYzpHXX91ITjJEyFDMyKfUyTVKEh2hAupYKxIkOxrOoE/fEKpEbS2VHGHem/r4YI671iId2kyOT6EVvKv7rRTrSiVQmQSJayGDiy2BMRZoZIvA8Qpwx10h32ogbUUWwYSNLEFbUfuHiBCmEje2tZOvxF8tYJq2zql+r1u7OK/WrvKgiHMExnIIPF1CHG2hAEzAM4Ble4NV5ct6cd+djvlpw8ptD+APn8wfnCpjV</latexit>

Mm
<latexit sha1_base64="2NgBgfv8iXFioG3QdvsF6LeenU8=">AAACDXicbVDLSsNAFJ3UV62vqks3wSK4KCWRUt0IRTcuK9gHNKFMJpN26GQmzNwIJfQb3LnVn3Anbv0G/8GPcNpmoa0HLhzOuRfOPUHCmQbH+bIKa+sbm1vF7dLO7t7+QfnwqKNlqghtE8ml6gVYU84EbQMDTnuJojgOOO0G49uZ332kSjMpHmCSUD/GQ8EiRjAYyYuvnarHQwm6Wh+UK07NmcNeJW5OKihHa1D+9kJJ0pgKIBxr3XedBPwMK2CE02nJSzVNMBnjIe0bKnBMtZ/NM0/tM6OEdiSVGQH2XP19keFY60kcmM0Yw0gvezPxXy/UoR5JBSMswqUMEF35GRNJClSQRYQo5TZIe1aNHTJFCfCJIZgoZr6wyQgrTMAUWDL1uMtlrJLORc1t1Br39UrzJi+qiE7QKTpHLrpETXSHWqiNCErQM3pBr9aT9Wa9Wx+L1YKV3xyjP7A+fwDT0pv+</latexit>

m = 0, . . . , 4

<latexit sha1_base64="gp4IWf4rej7/FTTWizn26HrBezQ=">AAACE3icbVDLSsNAFJ34rPUVdekmWIS6sCSi1WXRjcsK9gFtKJPJpBk6mYSZm0IJ/Qx3bvUn3IlbP8B/8COcpllo64GBwzn3cs8cL+FMgW1/GSura+sbm6Wt8vbO7t6+eXDYVnEqCW2RmMey62FFORO0BQw47SaS4sjjtOON7mZ+Z0ylYrF4hElC3QgPBQsYwaClgWlWr86jsz6wiKqcDsyKXbNzWMvEKUgFFWgOzO++H5M0ogIIx0r1HDsBN8MSGOF0Wu6niiaYjPCQ9jQVWF9yszz51DrVim8FsdRPgJWrvzcyHCk1iTw9GWEI1aI3E//1fOWrMJYQYuEvZIDgxs2YSFKggswjBCm3ILZmBVk+k5QAn2iCiWT6FxYJscQEdI1lXY+zWMYyaV/UnHqt/nBZadwWRZXQMTpBVeSga9RA96iJWoigMXpGL+jVeDLejHfjYz66YhQ7R+gPjM8fSxadLQ==</latexit>

(5→m)↑ (5→m)

Stabilized by SO(2)!

• Then, one turns                                         into a matrix by picking a basis for 
the Lorentz representations of     .

<latexit sha1_base64="NEetjIqU/9D/p0jp86sxnBRi9+4=">AAACHnicbVDLSgMxFM34rPU16rKbYBFakDIjUl2IFEVwZwX7gM5QMpm0Dc0kQ5IRaunCP3HnVn/CnbjVf/AjTNtZaOuBC4dz7oVzTxAzqrTjfFkLi0vLK6uZtez6xubWtr2zW1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+pdjv3FPpKKC3+lBTPwIdTntUIy0kdp2zjvz8E0hLkIPXxU8IQ4filPBO2/beafkTADniZuSPEhRbdvfXihwEhGuMUNKtVwn1v4QSU0xI6OslygSI9xHXdIylKOIKH84eWIED4wSwo6QZriGE/X3xRBFSg2iwGxGSPfUrDcW//VCFaqekLqHeDiTQXdO/SHlcaIJx9MInYRBLeC4KxhSSbBmA0MQltR8AXEPSYS1aTRr6nFny5gn9aOSWy6Vb4/zlYu0qAzIgX1QAC44ARVwDaqgBjB4BM/gBbxaT9ab9W59TFcXrPRmD/yB9fkDrVuhAg==</latexit>

→O(p)E(↑, z)O(p)↓
<latexit sha1_base64="ESHOYe0A0Kx/W8lgORcokxep/ZM=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2dE84BkCbOzs9khszPLzKwQQlo7W/0JO7H1P/wHP8JJsoUmHrhwOOdeOPcEKWfauO6XU1hZXVvfKG6WtrZ3dvfK+wctLTNFaJNILlUnwJpyJmjTMMNpJ1UUJwGn7WB4PfXbj1RpJsWDGaXUT/BAsIgRbKx03yO3/XLFrbozoGXi5aQCORr98ncvlCRLqDCEY627npsaf4yVYYTTSamXaZpiMsQD2rVU4IRqfzyLOkEnVglRJJUdYdBM/X0xxonWoySwmwk2sV70puK/XqhDHUtlYizChQwmuvTHTKSZoYLMI0QZR0aiaSMoZIoSw0eWYKKY/QKRGCtMjO2tZOvxFstYJq2zqler1u7OK/WrvKgiHMExnIIHF1CHG2hAEwgM4Ble4NV5ct6cd+djvlpw8ptD+APn8wfVYpjK</latexit>

O

• The positive matrices can be computed by starting with e.g., 
, and then perform⟨O(x1)T(x2)O(x3)⟩

[Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov ’19]

[Mecaj, Moult, Walters, Xin ’25]- Null integral (light transform) ∫ dx+

- Fourier transform ∫ ddx eip⋅x <latexit sha1_base64="xFGiBP55k5Mk1LsfaaPXUILLr2E=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjcsq9gHtUDKZtBOaSYbkjlKG/oI7t/oT7sSt/+A/+BGm7Sy09cCFwzn3wrknSAQ34LpfTmFldW19o7hZ2tre2d0r7x+0jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0PfXbD0wbruQ9jBPmx2Qo+YBTAlbq9u74MAKitXrslytu1Z0BLxMvJxWUo9Evf/dCRdOYSaCCGNP13AT8jGjgVLBJqZcalhA6IkPWtVSSmBk/m0We4BOrhHigtB0JeKb+vshIbMw4DuxmTCAyi95U/NcLTWgipSEiMlzIAINLP+MySYFJOo8wSAUGhafN4JBrRkGMLSFUc/sFphHRhILtr2Tr8RbLWCats6pXq9Zuzyv1q7yoIjpCx+gUeegC1dENaqAmokihZ/SCXp0n5815dz7mqwUnvzlEf+B8/gCs3pyR</latexit>→ <latexit sha1_base64="NEetjIqU/9D/p0jp86sxnBRi9+4=">AAACHnicbVDLSgMxFM34rPU16rKbYBFakDIjUl2IFEVwZwX7gM5QMpm0Dc0kQ5IRaunCP3HnVn/CnbjVf/AjTNtZaOuBC4dz7oVzTxAzqrTjfFkLi0vLK6uZtez6xubWtr2zW1cikZjUsGBCNgOkCKOc1DTVjDRjSVAUMNII+pdjv3FPpKKC3+lBTPwIdTntUIy0kdp2zjvz8E0hLkIPXxU8IQ4filPBO2/beafkTADniZuSPEhRbdvfXihwEhGuMUNKtVwn1v4QSU0xI6OslygSI9xHXdIylKOIKH84eWIED4wSwo6QZriGE/X3xRBFSg2iwGxGSPfUrDcW//VCFaqekLqHeDiTQXdO/SHlcaIJx9MInYRBLeC4KxhSSbBmA0MQltR8AXEPSYS1aTRr6nFny5gn9aOSWy6Vb4/zlYu0qAzIgX1QAC44ARVwDaqgBjB4BM/gBbxaT9ab9W59TFcXrPRmD/yB9fkDrVuhAg==</latexit>

→O(p)E(↑, z)O(p)↓



ANEC as an SDP

• Formulate the problem as an SDP:
<latexit sha1_base64="ject3leMsAOj108QEOLmeL2I1kA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURqS6LIrgRKtgHNDFMptN26GQSZyZCCVm58VfcuFDErd/gzr9x0mahrQcuHM65l3vv8SNGpbKsb6OwsLi0vFJcLa2tb2xumds7LRnGApMmDlkoOj6ShFFOmooqRjqRICjwGWn7o4vMbz8QIWnIb9U4Im6ABpz2KUZKS565f+0Fd0nFCZAaYsSSy/QohY6MMSb30PLMslW1JoDzxM5JGeRoeOaX0wtxHBCuMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ15Sgg0k0mb6TwUCs92A+FLq7gRP09kaBAynHg687sXDnrZeJ/XjdW/TM3oTyKFeF4uqgfM6hCmGUCe1QQrNhYE4QF1bdCPEQCYaWTK+kQ7NmX50nruGrXqrWbk3L9PI+jCPbAAagAG5yCOrgCDdAEGDyCZ/AK3own48V4Nz6mrQUjn9kFf2B8/gBAaZhb</latexit>

M (E)
m → 0

<latexit sha1_base64="bSqjwF66Rlxg+6okZNiIJwomyvc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUmkVJdFEdwIFewDmhgm02k7dDKJMxOhhCzd+CtuXCji1k9w5984abPQ1gMXDufcy733+BGjUlnWt7GwuLS8slpYK65vbG5tmzu7LRnGApMmDlkoOj6ShFFOmooqRjqRICjwGWn7o4vMbz8QIWnIb9U4Im6ABpz2KUZKS555cO0Fd0nZCZAaYsSSy9SrHqfQkTHG5B5anlmyKtYEcJ7YOSmBHA3P/HJ6IY4DwhVmSMqubUXKTZBQFDOSFp1YkgjhERqQrqYcBUS6yeSRFB5ppQf7odDFFZyovycSFEg5DnzdmR0sZ71M/M/rxqp/5iaUR7EiHE8X9WMGVQizVGCPCoIVG2uCsKD6VoiHSCCsdHZFHYI9+/I8aZ1U7FqldlMt1c/zOApgHxyCMrDBKaiDK9AATYDBI3gGr+DNeDJejHfjY9q6YOQze+APjM8ffhmZAg==</latexit>

M (E4)
m → 0

<latexit sha1_base64="kbOxk/RbszkfKYBEkOx0OieQbf8=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwEUpSS3UjFN24rGBtIQ1lMp20Q+cRZiZCCf0MNy4UcevXuPNvnLZZaOuBC4dz7uXee6KEUW0879sprK1vbG4Vt0s7u3v7B+XDo0ctU4VJG0smVTdCmjAqSNtQw0g3UQTxiJFONL6d+Z0nojSV4sFMEhJyNBQ0phgZKwX82nN9t+ZeuPV+ueJVvTngKvFzUgE5Wv3yV28gccqJMJghrQPfS0yYIWUoZmRa6qWaJAiP0ZAElgrEiQ6z+clTeGaVAYylsiUMnKu/JzLEtZ7wyHZyZEZ62ZuJ/3lBauKrMKMiSQ0ReLEoThk0Es7+hwOqCDZsYgnCitpbIR4hhbCxKZVsCP7yy6vksVb1G9XGfb3SvMnjKIITcArOgQ8uQRPcgRZoAwwkeAav4M0xzovz7nwsWgtOPnMM/sD5/AE5w49H</latexit>

m = 0, 1, 2, 3, 4<latexit sha1_base64="E5McOmKUGWLwX5TA5Smo8SK/jSQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVUkUQil48VrAf0C4lm822oUl2SbJCKf0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3jVBHaIjGPVTfAmnImacsww2k3URSLgNNOML7L/M4TVZrF8tFMEuoLPJQsYgSbTApvateDcsWtunOgVeLlpAI5moPyVz+MSSqoNIRjrXuemxh/ipVhhNNZqZ9qmmAyxkPas1RiQbU/nd86Q2dWCVEUK1vSoLn6e2KKhdYTEdhOgc1IL3uZ+J/XS0105U+ZTFJDJVksilKOTIyyx1HIFCWGTyzBRDF7KyIjrDAxNp6SDcFbfnmVtC+qXr1af6hVGrd5HEU4gVM4Bw8uoQH30IQWEBjBM7zCmyOcF+fd+Vi0Fpx85hj+wPn8AT9Rjbw=</latexit>

d = 4 :



ANEC as an SDP

• Formulate the problem as an SDP:

<latexit sha1_base64="a84uQHSCLbdJaf2T0Oii/0InTtM="></latexit>

M (E)
cT ,ωTTT ,ωTTO4

= UT
cTM

(E)

1,
ωTTT

cT
,
ωTTO4
→

cT

UcT

• Our bounds are not sensitive to :CT

<latexit sha1_base64="ject3leMsAOj108QEOLmeL2I1kA=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyURqS6LIrgRKtgHNDFMptN26GQSZyZCCVm58VfcuFDErd/gzr9x0mahrQcuHM65l3vv8SNGpbKsb6OwsLi0vFJcLa2tb2xumds7LRnGApMmDlkoOj6ShFFOmooqRjqRICjwGWn7o4vMbz8QIWnIb9U4Im6ABpz2KUZKS565f+0Fd0nFCZAaYsSSy/QohY6MMSb30PLMslW1JoDzxM5JGeRoeOaX0wtxHBCuMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ15Sgg0k0mb6TwUCs92A+FLq7gRP09kaBAynHg687sXDnrZeJ/XjdW/TM3oTyKFeF4uqgfM6hCmGUCe1QQrNhYE4QF1bdCPEQCYaWTK+kQ7NmX50nruGrXqrWbk3L9PI+jCPbAAagAG5yCOrgCDdAEGDyCZ/AK3own48V4Nz6mrQUjn9kFf2B8/gBAaZhb</latexit>

M (E)
m → 0

<latexit sha1_base64="bSqjwF66Rlxg+6okZNiIJwomyvc=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUmkVJdFEdwIFewDmhgm02k7dDKJMxOhhCzd+CtuXCji1k9w5984abPQ1gMXDufcy733+BGjUlnWt7GwuLS8slpYK65vbG5tmzu7LRnGApMmDlkoOj6ShFFOmooqRjqRICjwGWn7o4vMbz8QIWnIb9U4Im6ABpz2KUZKS555cO0Fd0nZCZAaYsSSy9SrHqfQkTHG5B5anlmyKtYEcJ7YOSmBHA3P/HJ6IY4DwhVmSMqubUXKTZBQFDOSFp1YkgjhERqQrqYcBUS6yeSRFB5ppQf7odDFFZyovycSFEg5DnzdmR0sZ71M/M/rxqp/5iaUR7EiHE8X9WMGVQizVGCPCoIVG2uCsKD6VoiHSCCsdHZFHYI9+/I8aZ1U7FqldlMt1c/zOApgHxyCMrDBKaiDK9AATYDBI3gGr+DNeDJejHfjY9q6YOQze+APjM8ffhmZAg==</latexit>

M (E4)
m → 0

<latexit sha1_base64="kbOxk/RbszkfKYBEkOx0OieQbf8=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwEUpSS3UjFN24rGBtIQ1lMp20Q+cRZiZCCf0MNy4UcevXuPNvnLZZaOuBC4dz7uXee6KEUW0879sprK1vbG4Vt0s7u3v7B+XDo0ctU4VJG0smVTdCmjAqSNtQw0g3UQTxiJFONL6d+Z0nojSV4sFMEhJyNBQ0phgZKwX82nN9t+ZeuPV+ueJVvTngKvFzUgE5Wv3yV28gccqJMJghrQPfS0yYIWUoZmRa6qWaJAiP0ZAElgrEiQ6z+clTeGaVAYylsiUMnKu/JzLEtZ7wyHZyZEZ62ZuJ/3lBauKrMKMiSQ0ReLEoThk0Es7+hwOqCDZsYgnCitpbIR4hhbCxKZVsCP7yy6vksVb1G9XGfb3SvMnjKIITcArOgQ8uQRPcgRZoAwwkeAav4M0xzovz7nwsWgtOPnMM/sD5/AE5w49H</latexit>

m = 0, 1, 2, 3, 4<latexit sha1_base64="E5McOmKUGWLwX5TA5Smo8SK/jSQ=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mVUkUQil48VrAf0C4lm822oUl2SbJCKf0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3jVBHaIjGPVTfAmnImacsww2k3URSLgNNOML7L/M4TVZrF8tFMEuoLPJQsYgSbTApvateDcsWtunOgVeLlpAI5moPyVz+MSSqoNIRjrXuemxh/ipVhhNNZqZ9qmmAyxkPas1RiQbU/nd86Q2dWCVEUK1vSoLn6e2KKhdYTEdhOgc1IL3uZ+J/XS0105U+ZTFJDJVksilKOTIyyx1HIFCWGTyzBRDF7KyIjrDAxNp6SDcFbfnmVtC+qXr1af6hVGrd5HEU4gVM4Bw8uoQH30IQWEBjBM7zCmyOcF+fd+Vi0Fpx85hj+wPn8AT9Rjbw=</latexit>

d = 4 :

- optimize  with some additional conditions on :a /c λTTO4
<latexit sha1_base64="H98R5e3qaM4o+Fo+QzjrcV/RFvI=">AAACHHicbZDLSsNAFIYn9VbrLerSTbAIVaQkWqoboVQoLivYC7QxTKaTdujkwsxEWkIexI2v4saFIm5cCL6NkzSCVg8M8/H/5zBzfjughAtd/1RyC4tLyyv51cLa+sbmlrq90+Z+yBBuIZ/6rGtDjinxcEsQQXE3YBi6NsUde3yZ+J07zDjxvRsxDbDpwqFHHIKgkJKlnpYmVlSpx8fJ1Zhd7fjwojS5PcqMFBrfIE1LLeplPS3tLxgZFEFWTUt97w98FLrYE4hCznuGHggzgkwQRHFc6IccBxCN4RD3JHrQxdyM0uVi7UAqA83xmTye0FL150QEXc6nri07XShGfN5LxP+8XiicczMiXhAK7KHZQ05INeFrSVLagDCMBJ1KgIgR+VcNjSCDSMg8CzIEY37lv9A+KRvVcvW6UqzVszjyYA/sgxIwwBmogSvQBC2AwD14BM/gRXlQnpRX5W3WmlOymV3wq5SPL0/Nn6k=</latexit>

(x4B , x4F , x4V ) = (x→
4B , x

→
4F , x

→
4V )e.g., 

<latexit sha1_base64="2FSQMyXL3OkBzV4iI5deS1t9rCA=">AAACInicbVDLSsNAFJ3UV62vqEsXDhZBFEoipbosFcRlBfuANobJZNoOnUzizERaQpf+iTu3+hPuxJXgJ/gRTtostHrgcg/n3Av3Hi9iVCrL+jByC4tLyyv51cLa+sbmlrm905RhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN7xI/dY9EZKG/EaNI+IEqM9pj2KktOSa+yM3KdcmJ2m7nLXmBHb75A6O3PLtsWsWrZI1BfxL7IwUQYa6a351/RDHAeEKMyRlx7Yi5SRIKIoZmRS6sSQRwkPUJx1NOQqIdJLpIxN4qBUf9kKhiys4VX9uJCiQchx4ejJAaiDnvVT81/OlLwehUAPE/bkbVO/cSSiPYkU4np3QixlUIUzzgj4VBCs21gRhQfUXEA+QQFjpVAs6Hns+jL+keVqyK6XKdblYrWVB5cEeOABHwAZnoAquQB00AAYP4Ak8gxfj0Xg13oz32WjOyHZ2wS8Yn9+QHaOu</latexit>

x4B + x4F + x4V → x→
4



CFT with slightly broken higher-spin symmetry 

• With some choice of the polarization, sometimes one can get analytic bounds:

(similar bound in 4d)

<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)

<latexit sha1_base64="UbudWlr4rOWtR3TRM4acfpI74Qo=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLoxmVF+4A2lMlk0gydzISZG6GEbt251Z9wJ279D//Bj3DaZqHVAxcO59wL554gFdyA6346pZXVtfWN8mZla3tnd6+6f9AxKtOUtakSSvcCYpjgkrWBg2C9VDOSBIJ1g/H1zO8+MG24kvcwSZmfkJHkEacErHQ3ADWs1ty6Owf+S7yC1FCB1rD6NQgVzRImgQpiTN9zU/BzooFTwaaVQWZYSuiYjFjfUkkSZvx8HnWKT6wS4khpOxLwXP15kZPEmEkS2M2EQGyWvZn4rxea0MRKQ0xkuJQBoks/5zLNgEm6iBBlAoPCs0ZwyDWjICaWEKq5/QLTmGhCwfZWsfV4y2X8JZ2zuteoN27Pa82roqgyOkLH6BR56AI10Q1qoTaiaISe0DN6cR6dV+fNeV+slpzi5hD9gvPxDSTAmPs=</latexit>→

choose polarization such that 
all  vanishλO4TO4



CFT with slightly broken higher-spin symmetry 

• With some choice of the polarization, sometimes one can get analytic bounds:
<latexit sha1_base64="Li38DhI6eCEqUy/yk5ztqtGZjr8="></latexit>(
→T |E|T ↑ →T |E|O4↑

→O4|E|T ↑ →O4|E|O4↑

)

<latexit sha1_base64="UbudWlr4rOWtR3TRM4acfpI74Qo=">AAACBHicbVDLSsNAFJ3UV62vqks3g0VwVRKR6rLoxmVF+4A2lMlk0gydzISZG6GEbt251Z9wJ279D//Bj3DaZqHVAxcO59wL554gFdyA6346pZXVtfWN8mZla3tnd6+6f9AxKtOUtakSSvcCYpjgkrWBg2C9VDOSBIJ1g/H1zO8+MG24kvcwSZmfkJHkEacErHQ3ADWs1ty6Owf+S7yC1FCB1rD6NQgVzRImgQpiTN9zU/BzooFTwaaVQWZYSuiYjFjfUkkSZvx8HnWKT6wS4khpOxLwXP15kZPEmEkS2M2EQGyWvZn4rxea0MRKQ0xkuJQBoks/5zLNgEm6iBBlAoPCs0ZwyDWjICaWEKq5/QLTmGhCwfZWsfV4y2X8JZ2zuteoN27Pa82roqgyOkLH6BR56AI10Q1qoTaiaISe0DN6cR6dV+fNeV+slpzi5hD9gvPxDSTAmPs=</latexit>→

choose polarization such that 
all  vanishλO4TO4

[Maldacena, Zhiboedov ’12]

• Application: constraining 1/N corrections for CFTs with slightly broken higher spin symmetry

<latexit sha1_base64="fDqapMl4qzNxVfxYByN193OKub4=">AAACGHicbVDLSsNAFJ3UV62vqrhyM1gEN5ZESnUjFN24rGAf0IQwmUzaoZNJmLkRSuiPuHOrP+FO3LrzH/wIp4+Fth64cDjnXjj3BKngGmz7yyqsrK6tbxQ3S1vbO7t75f2Dtk4yRVmLJiJR3YBoJrhkLeAgWDdVjMSBYJ1geDvxO49MaZ7IBxilzItJX/KIUwJG8stHLpDMr507+Bq7fb+GXSGw45crdtWeAi8TZ04qaI6mX/52w4RmMZNABdG659gpeDlRwKlg45KbaZYSOiR91jNUkphpL5/GH+NTo4Q4SpQZCXiq/r7ISaz1KA7MZkxgoBe9ifivF+pQDxIFAyLDhQwQXXk5l2kGTNJZhCgTGBI8aQmHXDEKYmQIoYqbLzAdEEUomC5Lph5nsYxl0r6oOvVq/b5WadzMiyqiY3SCzpCDLlED3aEmaiGKcvSMXtCr9WS9We/Wx2y1YM1vDtEfWJ8/Q8aesA==</latexit>

ω4 → 1 = ε4 ↑ 1

(similar bound in 4d)



Bounds for parity-preserving 3d CFTs

<latexit sha1_base64="Q8OYSr4tN3SvK34sryGi6joqOsM=">AAACCXicbVDLSgMxFM3UV62vqks3wSK4KjNSqhuh6MZlBfuAdiiZTKYNzSRDckcoQ7/AnVv9CXfi1q/wH/wI03YW2nrgwuGce+HcEySCG3DdL6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkAME1yyFnAQrJtoRuJAsE4wvp35nUemDVfyASYJ82MylDzilICVun0g6aB27Q3KFbfqzoFXiZeTCsrRHJS/+6GiacwkUEGM6XluAn5GNHAq2LTUTw1LCB2TIetZKknMjJ/N807xmVVCHCltRwKeq78vMhIbM4kDuxkTGJllbyb+64UmNCOlYURkuJQBois/4zJJgUm6iBClAoPCs1pwyDWjICaWEKq5/QLTEdGEgi2vZOvxlstYJe2Lqlev1u9rlcZNXlQRnaBTdI48dIka6A41UQtRJNAzekGvzpPz5rw7H4vVgpPfHKM/cD5/AC3GmpU=</latexit>

ω4 = 1

free scalar

free fermion



Bounds for parity-preserving 3d CFTs

<latexit sha1_base64="IApudxUOYmtOZxTXzPISq3vj7qc=">AAACC3icbVDLSsNAFJ3UV62vqks3g0VwFRKp1Y1QdOOygn1gG8pkMmmHTiZh5kYooZ/gzq3+hDtx60f4D36E0zYLbT1w4XDOvXDu8RPBNTjOl1VYWV1b3yhulra2d3b3yvsHLR2nirImjUWsOj7RTHDJmsBBsE6iGIl8wdr+6Gbqtx+Z0jyW9zBOmBeRgeQhpwSM9NADkvarV6593i9XHNuZAS8TNycVlKPRL3/3gpimEZNABdG66zoJeBlRwKlgk1Iv1SwhdEQGrGuoJBHTXjZLPMEnRglwGCszEvBM/X2RkUjrceSbzYjAUC96U/FfL9CBHsYKhkQGCxkgvPQyLpMUmKTzCGEqMMR4WgwOuGIUxNgQQhU3X2A6JIpQMPWVTD3uYhnLpHVmuzW7dlet1K/zooroCB2jU+SiC1RHt6iBmogiiZ7RC3q1nqw36936mK8WrPzmEP2B9fkDHYWbDA==</latexit>

ω4 = 1.5

free scalar

free fermion



Bounds for parity-preserving 3d CFTs
<latexit sha1_base64="Rrvmla5Jwu9Z/lvwIjza4myjrwg=">AAACJ3icbZDLSgNBEEV7fBtfUZduGqMgCGFGRF2KgriMYB6QhNDTU0ma9PSM3TViGOYH/BN3bvUn3Iku3fsRdh4LTbxQcLhVBVXXj6Uw6Lqfzszs3PzC4tJybmV1bX0jv7lVMVGiOZR5JCNd85kBKRSUUaCEWqyBhb6Eqt+7HPSr96CNiNQt9mNohqyjRFtwhtZq5fceWunxRUYP6QCuMtrowN2QGwgPmHZYnGWtfMEtukPRafDGUCBjlVr570YQ8SQEhVwyY+qeG2MzZRoFl5DlGomBmPEe60DdomIhmGY6/Caj+9YJaDvSthTSoft7I2WhMf3Qt5Mhw66Z7A3Mf3uBCUw30thlKpi4AdtnzVSoOEFQfHRCO5EUIzoIjQZCA0fZt8C4FvYLyrtMM4422pyNx5sMYxoqR0XvpHhyc1w4vxgHtUR2yC45IB45JefkmpRImXDySJ7JC3l1npw35935GI3OOOOdbfJHztcPgf+mXQ==</latexit>

x4B + x4F → x4gap

<latexit sha1_base64="ERpXa5Jz8G/XVoD1kufjZxy1o+Q="></latexit>

x4gap = 0, 0.3, 0.4, 0.44, 0.5, 0.6, 0.7



Bounds for 3d CFTs

<latexit sha1_base64="mT4WfvBU4vMPtpfWzhP79O10zqc="></latexit>

x4B + x4F → 0.5, x4odd → 0.35
<latexit sha1_base64="9ENJ+28XhRUuMpR84uSMIo2Mx4o=">AAACGHicbVDLSgMxFM3UV62vUXHlJlgEQSgzUqvLUkFcVrAPaMuQyWTa0EwyJhmxDPMj7tzqT7gTt+78Bz/C9LHQ1gMhh3PuhXOPHzOqtON8Wbml5ZXVtfx6YWNza3vH3t1rKpFITBpYMCHbPlKEUU4ammpG2rEkKPIZafnDq7HfeiBSUcHv9CgmvQj1OQ0pRtpInn3w6KXlWnY6/q6zbp/cQ6d07tlFp+RMABeJOyNFMEPds7+7gcBJRLjGDCnVcZ1Y91IkNcWMZIVuokiM8BD1ScdQjiKieukkfgaPjRLAUEjzuIYT9fdGiiKlRpFvJiOkB2reG4v/eoEK1EBIPUA8mMugw8teSnmcaMLxNEKYMKgFHLcEAyoJ1mxkCMKSmisgHiCJsDZdFkw97nwZi6R5VnIrpcptuVitzYrKg0NwBE6ACy5AFdyAOmgADFLwDF7Aq/VkvVnv1sd0NGfNdvbBH1ifP92Pn6Y=</latexit>

x4B + x4F → 0.5



Bounds for 4d CFTs

free scalar

free fermion

free vector

<latexit sha1_base64="Cd8kEnPBUBKwP5vSLOvmoUh6G1Q=">AAACEHicbVDLTgIxFO34RHyNunTTSIwuDJkBRDcmRDcuMZFHAoR0SgcaOo+0dwxkMp/gxl9x40Jj3Lp059/YARYKnuS0J+fem/YeJxRcgWV9G0vLK6tr65mN7ObW9s6uubdfV0EkKavRQASy6RDFBPdZDTgI1gwlI54jWMMZ3qT1xgOTigf+PYxD1vFI3+cupwS01TVPRt241AY2grhPwiS5ss6sfCFlsaTPomZ6n3fNnJW3JsCLwp6JHJqh2jW/2r2ARh7zgQqiVMu2QujERAKngiXZdqRYSOiQ9FlLS594THXiyUIJPtZOD7uB1PQBT9zfEzHxlBp7ju70CAzUfC01/6u1InAvOzH3wwiYT6cPuZHAEOA0HdzjklEQYy0IlVz/FdMBkYSCzjCrQ7DnV14U9ULeLufLd6Vc5XoWRwYdoiN0imx0gSroFlVRDVH0iJ7RK3oznowX4934mLYuGbOZA/QHxucPmJWZFg==</latexit>

x4gap = 0, 0.2, 0.234, 0.3, 0.4, 0.5



Summary and outlook

• Compare with 4-pt stress tensor bootstrap in 3d (replace  with ?);          
Also in 4d?

x4gap Δ′￼4

Outlook:

• Impose ANEC and spin-4 ANEC in states created 
by a linear combination of  and .

• Stronger bounds on  as functions of  and 

T O4

λTTT τ4
λTTO4

Summary:

• Continuous-spin ANEC?

• Constraints from higher-point functions of ANEC and higher-spin ANEC in 
stress tensor state (  dependence)cT



Summary and outlook

Outlook:

• Constraints from higher-point functions of ANEC and higher-spin ANEC in 
stress tensor state (  dependence)cT

Summary:

• Continuous-spin ANEC?

Thank you!

• Compare with 4-pt stress tensor bootstrap in 3d (replace  with ?);          
Also in 4d?

x4gap Δ′￼4

• Impose ANEC and spin-4 ANEC in states created 
by a linear combination of  and .

• Stronger bounds on  as functions of  and 

T O4

λTTT τ4
λTTO4


