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Goal: Constrain Theories of Quantum Gravity

• Only a few options or a vast landscape?

• Do all quantum gravity theories come from string theory?

• Which low-energy EFTs admit a UV completion?

• How does the answer depend on the spacetime asymptotics? 
AdS / flat space / dS

Our universe contains gravity

 What is the set of consistent universes?

this talk



Which EFTs Admit a UV Completion?

Powerful constraints on IR 
from UV consistency:

• no global symmetries

• weak gravity conjecture

• distance conjecture

Drawbacks:

• often conjectural, based on examples

• parametric bounds: A . B
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Would prefer:

• rigorous, based on general principles

• precise bounds: A  3B
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a success story: CFT bootstrap
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quantum gravity



1. What is the space of a priori parameters?

2. What are the fundamental principles / assumptions?

3. How do we use 2 to put bounds on 1?

irrelevant couplings in the IR effective field theory

causality and unitarity of the S-matrix

use dispersion relations in a novel way

Roadmap



Low-Energy Effective Field Theory of Gravity
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Measurable in inflationary correlators if Hubble scale ⇠ M
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all interactions irrelevant! GN = M2�D
p
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EFT works for energies

UV cutof Planck scale

E ⌧ M < Mp
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Natural task: prove rigorous bounds on the O(1) coefficients
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[Camanho, Edelstein, Maldacena, Zhiboedov ’14]



First Step: Weakly Coupled Theories

overly ambitious goal: show that |↵2|  # ·M�2
p
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a natural first goal: prove bounds when coupling is weak
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for M ⌧ Mp
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counterexample: weakly-coupled string theory g ⌧ 1
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can ignore loop effects at scale      and below)
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More generally, classify weakly-coupled theories of gravity

Related question without gravity: classify theories of weakly-
coupled massive higher-spin particles.

String Universality?

Only 3 known answers in flat-space: • Einstein

• heterotic string

• type II string

Is this the complete list?

[Arkani-Hamed, Huang] 

[Chowdhury, Gadde, 
Gopalka, Halder, Janagal, 
Minwalla ’19] 

[Chakraborty, Chowdhury, 
Gopalka, Kundu, Minwalla, 
Mishra ’20]

Large N gauge theories

[Caron-Huot, Komargodski, Sever, Zhiboedov ’14]



Bounds from Causality
Idea: too large irrelevant couplings lead to superluminal propagation
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Superluminal propagation unless 
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where

Want to replace . ! 

<latexit sha1_base64="2Q6W/cG5nwqWAXPzdKRL2+8ZCMs="></latexit>

↵2M
2

<latexit sha1_base64="eG700vHZd0B7GXWNWgaQijkfMRQ=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFSZpauqu6MaNUME+oIllMp20QycPZiZCCf0NNy4UcevPuPNvnD4EFT1w4XDOvdx7T5ByJhVCH0ZhZXVtfaO4Wdra3tndK+8ftGWSCUJbJOGJ6AZYUs5i2lJMcdpNBcVRwGknGF/O/M49FZIl8a2apNSP8DBmISNYacnzME9HuG/D6zu7X64gEznnVceCyKy6br1ma3LmOhaqQ8tEc1TAEs1++d0bJCSLaKwIx1L2LJQqP8dCMcLptORlkqaYjPGQ9jSNcUSln89vnsITrQxgmAhdsYJz9ftEjiMpJ1GgOyOsRvK3NxP/8nqZCut+zuI0UzQmi0VhxqFK4CwAOGCCEsUnmmAimL4VkhEWmCgdU0mH8PUp/J+0bdNyzNqNU2lcLOMogiNwDE6BBVzQAFegCVqAgBQ8gCfwbGTGo/FivC5aC8Zy5hD8gPH2CUu7kTk=</latexit>

↵3M
4

<latexit sha1_base64="5sovPNc3ywZVBiQh+vEEW1QgsgU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GmbaqVN3RTduhAr2AZ2xZNJMG5rJhCQjlNLfcONCEbf+jDv/xvQhqOiBC4dz7uXeeyLBqNKO82HlVlbX1jfym4Wt7Z3dveL+QUulmcSkiVOWyk6EFGGUk6ammpGOkAQlESPtaHQ589v3RCqa8ls9FiRM0IDTmGKkjRQEiIkh6lXg9Z3XK5Yc2/HOK54LHbvi+7Vq2ZAz33OdGnRtZ44SWKLRK74H/RRnCeEaM6RU13WEDidIaooZmRaCTBGB8AgNSNdQjhKiwsn85ik8MUofxqk0xTWcq98nJihRapxEpjNBeqh+ezPxL6+b6bgWTigXmSYcLxbFGYM6hbMAYJ9KgjUbG4KwpOZWiIdIIqxNTAUTwten8H/SKtuuZ1dvvFL9YhlHHhyBY3AKXOCDOrgCDdAEGAjwAJ7As5VZj9aL9bpozVnLmUPwA9bbJ1BLkTw=</latexit>

?

[Camanho, Edelstein, Maldacena, Zhiboedov ’14]



Our Main Result: Bounds for Gravity + Scalar

assume the UV cutoff exactly at M

<latexit sha1_base64="1fqHH0nW0UTbwScifm/NdWyM5wA=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ6adOnVXdONGaME+oB1KJs20sZnMkGSEMvQL3LhQxK2f5M6/MX0IKnrgwuGce7n3niDhTGmEPqyV1bX1jc3cVn57Z3dvv3Bw2FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2ML6a+e17KhWLxa2eJNSP8FCwkBGsjdS46ReKyEbuRdl1ILLLnletlAw591wHVaFjozmKYIl6v/DeG8QkjajQhGOlug5KtJ9hqRnhdJrvpYommIzxkHYNFTiiys/mh07hqVEGMIylKaHhXP0+keFIqUkUmM4I65H67c3Ev7xuqsOqnzGRpJoKslgUphzqGM6+hgMmKdF8YggmkplbIRlhiYk22eRNCF+fwv9Jq2Q7rl1puMXa5TKOHDgGJ+AMOMADNXAN6qAJCKDgATyBZ+vOerRerNdF64q1nDkCP2C9fQIZ6Y0o</latexit>

and that the theory is weakly coupled, i.e. M ⌧ Mp

<latexit sha1_base64="gi6rklxAc8uoh3h1dAQAmXGE5UE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXQ6adOnVXdOOmUME+sB1KJs20oZnMkGSEMvQv3LhQxK1/486/MX0IKnrgwuGce7n3niDhTGmEPqyV1bX1jc3cVn57Z3dvv3Bw2FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2ML6a+e17KhWLxa2eJNSP8FCwkBGsjXRX73EO6/0smfYLRWQj96LsOhDZZc+rVkqGnHuug6rQsdEcRbBEo1947w1ikkZUaMKxUl0HJdrPsNSMcDrN91JFE0zGeEi7hgocUeVn84un8NQoAxjG0pTQcK5+n8hwpNQkCkxnhPVI/fZm4l9eN9Vh1c+YSFJNBVksClMOdQxn78MBk5RoPjEEE8nMrZCMsMREm5DyJoSvT+H/pFWyHdeu3LjF2uUyjhw4BifgDDjAAzVwDRqgCQgQ4AE8gWdLWY/Wi/W6aF2xljNH4Aest0+fl5Dq</latexit>
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<latexit sha1_base64="pj9/VMnicSAbL4TFk91M28C/G54=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNNibegl68CBHMA5I1zE4myZDZnWWmVwhLPsOLB0W8+jXe/BsnD0FFCxqKqm66u4JYcA2O82FlVlbX1jeym7mt7Z3dvfz+QVPLRFHWoFJI1Q6IZoJHrAEcBGvHipEwEKwVjC9nfuueKc1ldAuTmPkhGUZ8wCkBI3W6AQPSK+Lru2IvX3BsxzsveS527FKlUi0XDTmreK5Txa7tzFFAS9R7+fduX9IkZBFQQbTuuE4MfkoUcCrYNNdNNIsJHZMh6xgakZBpP52fPMUnRunjgVSmIsBz9ftESkKtJ2FgOkMCI/3bm4l/eZ0EBlU/5VGcAIvoYtEgERgknv2P+1wxCmJiCKGKm1sxHRFFKJiUciaEr0/x/6RZtF3PLt94hdrFMo4sOkLH6BS5qIJq6ArVUQNRJNEDekLPFliP1ov1umjNWMuZQ/QD1tsngYiQxQ==</latexit>

�3M
4

<latexit sha1_base64="PShnGKKG++3CKOhf1FPWxtJkCno=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmaSiRNvQS9ehAhmgUkMPZ2epEnPQneNEIZ8hhcPinj1a7z5N3YWQUUfFDzeq6Kqnp8IrsCyPozcyura+kZ+s7C1vbO7V9w/aKk4lZQ1aSxi2fGJYoJHrAkcBOskkpHQF6ztjy9nfvueScXj6BYmCeuFZBjxgFMCWvK6PgPSr+DrO6dfLFmm5ZxXHBtbZsV1a9WyJmeuY1s1bJvWHCW0RKNffO8OYpqGLAIqiFKebSXQy4gETgWbFrqpYgmhYzJknqYRCZnqZfOTp/hEKwMcxFJXBHiufp/ISKjUJPR1Z0hgpH57M/Evz0shqPUyHiUpsIguFgWpwBDj2f94wCWjICaaECq5vhXTEZGEgk6poEP4+hT/T1pl03bM6o1Tql8s48ijI3SMTpGNXFRHV6iBmoiiGD2gJ/RsgPFovBivi9acsZw5RD9gvH0ChhiQyA==</latexit>

S =
1

16⇡GN

Z
dDx

p
g
⇥
R+ (r�)2 + �0�

4 + �2r4�4 + �3r6�4 + . . .
⇤

<latexit sha1_base64="dC5olIwB0LOHhSphjE9T+8M6ixs="></latexit>

[Caron-Huot, DM, Rastelli, Simmons-Duffin ’21]



1. What is the space of a priori parameters?

2. What are the fundamental principles / assumptions?

3. How do we use 2 to put bounds on 1?

irrelevant couplings in the IR effective field theory

causality and unitarity

use dispersion relations in a novel way

Roadmap



The S-Matrix Axioms
genuinely Lorentzian observable

M2

<latexit sha1_base64="O+lNnG921GYMEdSb7zVFTfd3LGk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohs3QkVbC+1YMmmmDc1khiQjlKGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9H51L+9p1KxWNzocUL9CA8ECxnB2kjXl3flXrGEbOSeVlwHIrviebVq2ZATz3VQDTo2mqEEFmj0iu/dfkzSiApNOFaq46BE+xmWmhFOJ4VuqmiCyQgPaMdQgSOq/Gx26gQeGaUPw1iaEhrO1O8TGY6UGkeB6YywHqrf3lT8y+ukOqz5GRNJqqkg80VhyqGO4fRv2GeSEs3HhmAimbkVkiGWmGiTTsGE8PUp/J+0yrbj2tUrt1Q/W8SRBwfgEBwDB3igDi5AAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtEz76jcw=</latexit>

�u�M2

<latexit sha1_base64="M+U99Us4ImoBMiAmxWN4D14J4Hs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK46TDTTp26K7pxI1SwrdCOJZOmbWwmGZKMUIb+gxsXirj1f9z5N6YPQUUPXDiccy/33hPGjCrtOB9WZml5ZXUtu57b2Nza3snv7jWVSCQmDSyYkDchUoRRThqaakZuYklQFDLSCkfnU791T6Sigl/rcUyCCA047VOMtJGaxaR4eVvq5guO7XinZc+Fjl32/WqlZMiJ77lOFbq2M0MBLFDv5t87PYGTiHCNGVKq7TqxDlIkNcWMTHKdRJEY4REakLahHEVEBens2gk8MkoP9oU0xTWcqd8nUhQpNY5C0xkhPVS/van4l9dOdL8apJTHiSYczxf1Ewa1gNPXYY9KgjUbG4KwpOZWiIdIIqxNQDkTwten8H/SLNmuZ1euvELtbBFHFhyAQ3AMXOCDGrgAddAAGNyBB/AEni1hPVov1uu8NWMtZvbBD1hvn+q/jrk=</latexit>

0

<latexit sha1_base64="GmgqA6iZZ46Ag+bK1+RTfmUvcfU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE00KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19Au3mjQs=</latexit>

s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

1. causality
)

<latexit sha1_base64="yI/F2a2BHHI6wMYUWijfLyx3p5k=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNNm68Bb14jGIesAlhdjJJhszuLDO9Sgj5DC8eFPHq13jzb5w8BBUtaCiquunuChPBNTjOh5VZWV1b38hu5ra2d3b38vsHDS1TRVmdSiFVKySaCR6zOnAQrJUoRqJQsGY4upz5zTumNJfxLYwT1onIIOZ9TgkYKWjf8MEQiFLyvpsvOLbjnZc8Fzt2yfcr5aIhZ77nOhXs2s4cBbRErZt/b/ckTSMWAxVE68B1EuhMiAJOBZvm2qlmCaEjMmCBoTGJmO5M5idP8YlRergvlakY8Fz9PjEhkdbjKDSdEYGh/u3NxL+8IIV+pTPhcZICi+liUT8VGCSe/Y97XDEKYmwIoYqbWzEdEkUomJRyJoSvT/H/pFG0Xc8uX3uF6sUyjiw6QsfoFLnIR1V0hWqojiiS6AE9oWcLrEfrxXpdtGas5cwh+gHr7RMF95HE</latexit>

analyticity in the complex     plane s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

�

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

�

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

�

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

�

<latexit sha1_base64="DgMinVQW3HGX+6P2qbv4paX3sVw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfnQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWII5H</latexit>

= A(s, t)

<latexit sha1_base64="cNAjwJ+JEAMlKt/RzoNxlhE8Peo=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQQcKuRPQiRL14jGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPd5cVSaLTtbyu3srq2vpHfLGxt7+zuFfcPmjpKFOMNFslItT2quRQhb6BAydux4jTwJG95o7up33riSosofMRxzN2ADkLhC0bRSK3rm7I+w9NesWRX7BnIMnEyUoIM9V7xq9uPWBLwEJmkWnccO0Y3pQoFk3xS6Caax5SN6IB3DA1pwLWbzs6dkBOj9IkfKVMhkpn6eyKlgdbjwDOdAcWhXvSm4n9eJ0H/yk1FGCfIQzZf5CeSYESmv5O+UJyhHBtCmRLmVsKGVFGGJqGCCcFZfHmZNM8rTrVy8VAt1W6zOPJwBMdQBgcuoQb3UIcGMBjBM7zCmxVbL9a79TFvzVnZzCH8gfX5A/CUjqo=</latexit>

2. weak coupling in the IR

+ �2(s
2 + t2 + u2) + �3(stu) + . . .

�

<latexit sha1_base64="G+Q4dAR+cL5E8K48r/adishNsIc="></latexit>

A(s, t) = 8⇡GN


tu

s
+

us

t
+

st

u
+ �0+

<latexit sha1_base64="W4St+G7x/TfGpP/q38ULoSBEoj4="></latexit>

3. unitarity

)

<latexit sha1_base64="yI/F2a2BHHI6wMYUWijfLyx3p5k=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNNm68Bb14jGIesAlhdjJJhszuLDO9Sgj5DC8eFPHq13jzb5w8BBUtaCiquunuChPBNTjOh5VZWV1b38hu5ra2d3b38vsHDS1TRVmdSiFVKySaCR6zOnAQrJUoRqJQsGY4upz5zTumNJfxLYwT1onIIOZ9TgkYKWjf8MEQiFLyvpsvOLbjnZc8Fzt2yfcr5aIhZ77nOhXs2s4cBbRErZt/b/ckTSMWAxVE68B1EuhMiAJOBZvm2qlmCaEjMmCBoTGJmO5M5idP8YlRergvlakY8Fz9PjEhkdbjKDSdEYGh/u3NxL+8IIV+pTPhcZICi+liUT8VGCSe/Y97XDEKYmwIoYqbWzEdEkUomJRyJoSvT/H/pFG0Xc8uX3uF6sUyjiw6QsfoFLnIR1V0hWqojiiS6AE9oWcLrEfrxXpdtGas5cwh+gHr7RMF95HE</latexit>

positivity of the UV contributions

Im[M(s, t)] =
1X

J=0

⇢J(s)PJ (cos ✓)

<latexit sha1_base64="J/SBedNxSVqmNOoZ1f7gIstL3Nw="></latexit>

� 0

<latexit sha1_base64="aCteG4zNurvp7Up0hfsO7vhy4wI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJiaWdXdOOygn1AO5RMmmljM8mYZIRS+g9uXCji1v9x59+YaUdQ0QMXDufcy733hAln2iD04RRWVtfWN4qbpa3tnd298v5BW8tUEdoikkvVDbGmnAnaMsxw2k0UxXHIaSecXGZ+554qzaS4MdOEBjEeCRYxgo2V2v0RvYNoUK4gt+77Nd+DyEULZKRa9esIerlSATmag/J7fyhJGlNhCMda9zyUmGCGlWGE03mpn2qaYDLBI9qzVOCY6mC2uHYOT6wyhJFUtoSBC/X7xAzHWk/j0HbG2Iz1by8T//J6qYnqwYyJJDVUkOWiKOXQSJi9DodMUWL41BJMFLO3QjLGChNjAyrZEL4+hf+T9pnrnbvV6/NK4yKPowiOwDE4BR6ogQa4Ak3QAgTcggfwBJ4d6Tw6L87rsrXg5DOH4Aect088XY7t</latexit>

A(s, t)

<latexit sha1_base64="dTidq3N076bk/BJCsTN3oPLHZAM=">AAAB7XicdVDLSgMxFM34rPVVdekmWIQKMmTaqVN3VTcuK9gHtEPJpGkbm5kMSUYoQ//BjQtF3Po/7vwb04egogcuHM65l3vvCWLOlEbow1paXlldW89sZDe3tnd2c3v7DSUSSWidCC5kK8CKchbRumaa01YsKQ4DTpvB6GrqN++pVExEt3ocUz/Eg4j1GcHaSI2LgjrVJ91cHtnIPS+5DkR2yfMq5aIhZ57roAp0bDRDHixQ6+beOz1BkpBGmnCsVNtBsfZTLDUjnE6ynUTRGJMRHtC2oREOqfLT2bUTeGyUHuwLaSrScKZ+n0hxqNQ4DExniPVQ/fam4l9eO9H9ip+yKE40jch8UT/hUAs4fR32mKRE87EhmEhmboVkiCUm2gSUNSF8fQr/J42i7bh2+cbNVy8XcWTAITgCBeAAD1TBNaiBOiDgDjyAJ/BsCevRerFe561L1mLmAPyA9fYJ3/mOsg==</latexit>

4. bound on Regge growth A(s, t)

s2
! 0

<latexit sha1_base64="kIiIP0yUrewGtjJ+9IwZp6bS9mM="></latexit>

s ! 1

<latexit sha1_base64="f6XI3V9ygBdeLiB3OGkb8jFQq0c=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4WnaTjYm3oBePEcwDkhBmJ7PJkNnZZaZXWUL8FS8eFPHqh3jzb5w8BBUtaCiquunu8mPBNTjOh7Wyura+sZnZym7v7O7t5w4OmzpKFGUNGolItX2imeCSNYCDYO1YMRL6grX88eXMb90ypXkkbyCNWS8kQ8kDTgkYqZ/L667iwxEQpaI73OUygLSfKzi2452XPBc7dqlSqZaLhpxVPNepYtd25iigJer93Ht3ENEkZBKoIFp3XCeG3oQo4FSwababaBYTOiZD1jFUkpDp3mR+/BSfGGWAg0iZkoDn6veJCQm1TkPfdIYERvq3NxP/8joJBNXehMs4ASbpYlGQCAwRniWBB1wxCiI1hFDFza2YjogiFExeWRPC16f4f9Is2q5nl6+9Qu1iGUcGHaFjdIpcVEE1dIXqqIEoStEDekLP1r31aL1Yr4vWFWs5k0c/YL19ArlRlX4=</latexit>

as



Bound on the Regge Growth

M2

<latexit sha1_base64="O+lNnG921GYMEdSb7zVFTfd3LGk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohs3QkVbC+1YMmmmDc1khiQjlKGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9H51L+9p1KxWNzocUL9CA8ECxnB2kjXl3flXrGEbOSeVlwHIrviebVq2ZATz3VQDTo2mqEEFmj0iu/dfkzSiApNOFaq46BE+xmWmhFOJ4VuqmiCyQgPaMdQgSOq/Gx26gQeGaUPw1iaEhrO1O8TGY6UGkeB6YywHqrf3lT8y+ukOqz5GRNJqqkg80VhyqGO4fRv2GeSEs3HhmAimbkVkiGWmGiTTsGE8PUp/J+0yrbj2tUrt1Q/W8SRBwfgEBwDB3igDi5AAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtEz76jcw=</latexit>

�u�M2

<latexit sha1_base64="M+U99Us4ImoBMiAmxWN4D14J4Hs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK46TDTTp26K7pxI1SwrdCOJZOmbWwmGZKMUIb+gxsXirj1f9z5N6YPQUUPXDiccy/33hPGjCrtOB9WZml5ZXUtu57b2Nza3snv7jWVSCQmDSyYkDchUoRRThqaakZuYklQFDLSCkfnU791T6Sigl/rcUyCCA047VOMtJGaxaR4eVvq5guO7XinZc+Fjl32/WqlZMiJ77lOFbq2M0MBLFDv5t87PYGTiHCNGVKq7TqxDlIkNcWMTHKdRJEY4REakLahHEVEBens2gk8MkoP9oU0xTWcqd8nUhQpNY5C0xkhPVS/van4l9dOdL8apJTHiSYczxf1Ewa1gNPXYY9KgjUbG4KwpOZWiIdIIqxNQDkTwten8H/SLNmuZ1euvELtbBFHFhyAQ3AMXOCDGrgAddAAGNyBB/AEni1hPVov1uu8NWMtZvbBD1hvn+q/jrk=</latexit>

0

<latexit sha1_base64="GmgqA6iZZ46Ag+bK1+RTfmUvcfU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE00KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19Au3mjQs=</latexit>

s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

A(s, t)

s2
! 0

<latexit sha1_base64="kIiIP0yUrewGtjJ+9IwZp6bS9mM="></latexit>

s ! 1

<latexit sha1_base64="f6XI3V9ygBdeLiB3OGkb8jFQq0c=">AAAB/HicdVDLSgNBEJz1GeMrmqOXwSB4WnaTjYm3oBePEcwDkhBmJ7PJkNnZZaZXWUL8FS8eFPHqh3jzb5w8BBUtaCiquunu8mPBNTjOh7Wyura+sZnZym7v7O7t5w4OmzpKFGUNGolItX2imeCSNYCDYO1YMRL6grX88eXMb90ypXkkbyCNWS8kQ8kDTgkYqZ/L667iwxEQpaI73OUygLSfKzi2452XPBc7dqlSqZaLhpxVPNepYtd25iigJer93Ht3ENEkZBKoIFp3XCeG3oQo4FSwababaBYTOiZD1jFUkpDp3mR+/BSfGGWAg0iZkoDn6veJCQm1TkPfdIYERvq3NxP/8joJBNXehMs4ASbpYlGQCAwRniWBB1wxCiI1hFDFza2YjogiFExeWRPC16f4f9Is2q5nl6+9Qu1iGUcGHaFjdIpcVEE1dIXqqIEoStEDekLP1r31aL1Yr4vWFWs5k0c/YL19ArlRlX4=</latexit>

as

Satisfied in weakly coupled string theory A(s, t) = O(s2+↵0u)

<latexit sha1_base64="DcHJXfqjtvc8nwJvXtDBD0O4Cc4="></latexit>

A(s, t) = O(s2)

<latexit sha1_base64="tdKVixhAUwXVF8hpP09F4Wtc8Ts=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovQgoSkTU1dCFU37qxgbaGtZTKdtEMnD2YmSon9FDcuFHHrl7jzb5w+BBU9cOFwzr3ce48bMSqkaX5oqYXFpeWV9GpmbX1jc0vPbl+LMOaY1HHIQt50kSCMBqQuqWSkGXGCfJeRhjs8m/iNW8IFDYMrOYpIx0f9gHoUI6mkrp49yYsDWYDH8CIvbpLiuNDVc6Zh2kcl24KmUXKcSrmoyKFjW2YFWoY5RQ7MUevq7+1eiGOfBBIzJETLMiPZSRCXFDMyzrRjQSKEh6hPWooGyCeik0xPH8N9pfSgF3JVgYRT9ftEgnwhRr6rOn0kB+K3NxH/8lqx9CqdhAZRLEmAZ4u8mEEZwkkOsEc5wZKNFEGYU3UrxAPEEZYqrYwK4etT+D+5LhqWbZQv7Vz1dB5HGuyCPZAHFnBAFZyDGqgDDO7AA3gCz9q99qi9aK+z1pQ2n9kBP6C9fQK++5Jp</latexit>

Classical Regge growth conjecture
[Camanho, Edelstein, Maldacena, Zhiboedov ’14]
[Maldacena, Shenker, Stanford ’15]
[Chandorkar, Chowdhury, Kundu, Minwalla, ’21]

Rigorously provable for scattering in AdS |G |  |G|

<latexit sha1_base64="TX5h5q24TGALYAUP6xaGMZXfkjU="></latexit>

[Caron-Huot, ’17]

We need a little more!



1. What is the space of a priori parameters?

2. What are the fundamental principles / assumptions?

3. How do we use 2 to put bounds on 1?

irrelevant couplings in the IR effective field theory

causality and unitarity

use dispersion relations in a novel way

Roadmap



Dispersion Relations

Causality requires IR and UV to talk to each other!

I
dsf(s) = 0

<latexit sha1_base64="OQuw2ec5o4pG3CLSJDZCh09+j6E=">AAAB+nicdVDLSgMxFM3UV62vqS7dBItQN0OmnTp1IRTduKxgH9AOJZNm2tDMgySjlNpPceNCEbd+iTv/xvQhqOiBwOGce7knx084kwqhDyOzsrq2vpHdzG1t7+zumfn9poxTQWiDxDwWbR9LyllEG4opTtuJoDj0OW35o8uZ37qlQrI4ulHjhHohHkQsYAQrLfXMfDdmkYJ9CYOiPIHnEPXMArKQc1Z2bIissutWKyVNTl3HRlVoW2iOAlii3jPfu/2YpCGNFOFYyo6NEuVNsFCMcDrNdVNJE0xGeEA7mkY4pNKbzKNP4bFW+jCIhX46x1z9vjHBoZTj0NeTIVZD+dubiX95nVQFVW/CoiRVNCKLQ0HKoYrhrAfYZ4ISxceaYCKYzgrJEAtMlG4rp0v4+in8nzRLlu1YlWunULtY1pEFh+AIFIENXFADV6AOGoCAO/AAnsCzcW88Gi/G62I0Yyx3DsAPGG+fNe2SsA==</latexit>

M2

<latexit sha1_base64="O+lNnG921GYMEdSb7zVFTfd3LGk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohs3QkVbC+1YMmmmDc1khiQjlKGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9H51L+9p1KxWNzocUL9CA8ECxnB2kjXl3flXrGEbOSeVlwHIrviebVq2ZATz3VQDTo2mqEEFmj0iu/dfkzSiApNOFaq46BE+xmWmhFOJ4VuqmiCyQgPaMdQgSOq/Gx26gQeGaUPw1iaEhrO1O8TGY6UGkeB6YywHqrf3lT8y+ukOqz5GRNJqqkg80VhyqGO4fRv2GeSEs3HhmAimbkVkiGWmGiTTsGE8PUp/J+0yrbj2tUrt1Q/W8SRBwfgEBwDB3igDi5AAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtEz76jcw=</latexit>

�u�M2

<latexit sha1_base64="M+U99Us4ImoBMiAmxWN4D14J4Hs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK46TDTTp26K7pxI1SwrdCOJZOmbWwmGZKMUIb+gxsXirj1f9z5N6YPQUUPXDiccy/33hPGjCrtOB9WZml5ZXUtu57b2Nza3snv7jWVSCQmDSyYkDchUoRRThqaakZuYklQFDLSCkfnU791T6Sigl/rcUyCCA047VOMtJGaxaR4eVvq5guO7XinZc+Fjl32/WqlZMiJ77lOFbq2M0MBLFDv5t87PYGTiHCNGVKq7TqxDlIkNcWMTHKdRJEY4REakLahHEVEBens2gk8MkoP9oU0xTWcqd8nUhQpNY5C0xkhPVS/van4l9dOdL8apJTHiSYczxf1Ewa1gNPXYY9KgjUbG4KwpOZWiIdIIqxNQDkTwten8H/SLNmuZ1euvELtbBFHFhyAQ3AMXOCDGrgAddAAGNyBB/AEni1hPVov1uu8NWMtZvbBD1hvn+q/jrk=</latexit>

0

<latexit sha1_base64="GmgqA6iZZ46Ag+bK1+RTfmUvcfU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE00KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19Au3mjQs=</latexit>

s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

= 0

<latexit sha1_base64="XC/FYzPgnoTbqtPd4G70ikjl5So=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HDt9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs2zqndevbg/r9Ru8jiKcATHcAoeXEIN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wf9Ro0D</latexit>

)

<latexit sha1_base64="uheiQLAQTg+kGqcjZNmwB8oWYl4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cq9gOaUDbbTbt0swm7E6WU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpxhsskYluh9RwKRRvoEDJ26nmNA4lb4XDm6nfeuTaiEQ94CjlQUz7SkSCUbSS79+L/gCp1skT6ZYrbtWdgSwTLycVyFHvlr/8XsKymCtkkhrT8dwUgzHVKJjkk5KfGZ5SNqR93rFU0ZibYDy7eUJOrNIjUaJtKSQz9ffEmMbGjOLQdsYUB2bRm4r/eZ0Mo6tgLFSaIVdsvijKJMGETAMgPaE5QzmyhDIt7K2EDaimDG1MJRuCt/jyMmmeVb3z6sXdeaV2ncdRhCM4hlPw4BJqcAt1aACDFJ7hFd6czHlx3p2PeWvByWcO4Q+czx/tsJGf</latexit>

IR = UV
M2

<latexit sha1_base64="O+lNnG921GYMEdSb7zVFTfd3LGk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohs3QkVbC+1YMmmmDc1khiQjlKGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9H51L+9p1KxWNzocUL9CA8ECxnB2kjXl3flXrGEbOSeVlwHIrviebVq2ZATz3VQDTo2mqEEFmj0iu/dfkzSiApNOFaq46BE+xmWmhFOJ4VuqmiCyQgPaMdQgSOq/Gx26gQeGaUPw1iaEhrO1O8TGY6UGkeB6YywHqrf3lT8y+ukOqz5GRNJqqkg80VhyqGO4fRv2GeSEs3HhmAimbkVkiGWmGiTTsGE8PUp/J+0yrbj2tUrt1Q/W8SRBwfgEBwDB3igDi5AAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtEz76jcw=</latexit>

�u�M2

<latexit sha1_base64="M+U99Us4ImoBMiAmxWN4D14J4Hs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK46TDTTp26K7pxI1SwrdCOJZOmbWwmGZKMUIb+gxsXirj1f9z5N6YPQUUPXDiccy/33hPGjCrtOB9WZml5ZXUtu57b2Nza3snv7jWVSCQmDSyYkDchUoRRThqaakZuYklQFDLSCkfnU791T6Sigl/rcUyCCA047VOMtJGaxaR4eVvq5guO7XinZc+Fjl32/WqlZMiJ77lOFbq2M0MBLFDv5t87PYGTiHCNGVKq7TqxDlIkNcWMTHKdRJEY4REakLahHEVEBens2gk8MkoP9oU0xTWcqd8nUhQpNY5C0xkhPVS/van4l9dOdL8apJTHiSYczxf1Ewa1gNPXYY9KgjUbG4KwpOZWiIdIIqxNQDkTwten8H/SLNmuZ1euvELtbBFHFhyAQ3AMXOCDGrgAddAAGNyBB/AEni1hPVov1uu8NWMtZvbBD1hvn+q/jrk=</latexit>

0

<latexit sha1_base64="GmgqA6iZZ46Ag+bK1+RTfmUvcfU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE00KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19Au3mjQs=</latexit>

s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

IR UV

= 0

<latexit sha1_base64="XC/FYzPgnoTbqtPd4G70ikjl5So=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HDt9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs2zqndevbg/r9Ru8jiKcATHcAoeXEIN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wf9Ro0D</latexit>

positive!

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi ’06] 
[Arkani-Hamed, Huang, Huang ’20] ...



Dispersive Sum Rules

integrate              against                   with A(s, t)

<latexit sha1_base64="vpmYfK4TPhq3JGum+TfVPjZJNMw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdqeix6sVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdDv1W09UaSbFgxnH1I/wQLCQEWys1Lwu6zNz2iuW3Io7A1omXkZKkKHeK351+5IkERWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LBY6o9tPZtRN0YpU+CqWyJQyaqb8nUhxpPY4C2xlhM9SL3lT8z+skJrzyUybixFBB5ovChCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMGG4C2+vEya5xWvWrm4r5ZqN1kceTiCYyiDB5dQgzuoQwMIPMIzvMKbI50X5935mLfmnGzmEP7A+fwBbcSOYw==</latexit>

s� t

(st)
k
2+1

<latexit sha1_base64="seuWwaV9KzKux/rA/tGZOVj1apg=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhIobdENFj0IvHCOYByRpmJ7PJkNkHM71CWPbsxV/x4kERr36BN//GSbIHTSxoKKq66e5yI8EVWNa3kVtaXlldy68XNja3tnfM3b2mCmNJWYOGIpRtlygmeMAawEGwdiQZ8V3BWu7oeuK3HphUPAzuYBwxxyeDgHucEtBSzzzsepLQRJ1BmpQUhpP7ZKaM0qSSntpp2jOLVtmaAi8SOyNFlKHeM7+6/ZDGPguACqJUx7YicBIigVPB0kI3ViwidEQGrKNpQHymnGT6SoqPtdLHXih1BYCn6u+JhPhKjX1Xd/oEhmrem4j/eZ0YvEsn4UEUAwvobJEXCwwhnuSC+1wyCmKsCaGS61sxHRKdBOj0CjoEe/7lRdKslO1q+fy2WqxdZXHk0QE6QiVkowtUQzeojhqIokf0jF7Rm/FkvBjvxsesNWdkM/voD4zPHxqOmog=</latexit>

k = 2, 4, . . .

<latexit sha1_base64="rBrozox1E9qpyf/tJd1kSIQ9Cm0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBQym7paIXoejFYwVrC92lZLPZNjSbLElWKKV/w4sHRbz6Z7z5b0zbPWjrg4HHezPMzAtTzrRx3W+nsLa+sblV3C7t7O7tH5QPjx61zBShbSK5VN0Qa8qZoG3DDKfdVFGchJx2wtHtzO88UaWZFA9mnNIgwQPBYkawsZI/uq5XG1WfR9Lofrni1tw50CrxclKBHK1++cuPJMkSKgzhWOue56YmmGBlGOF0WvIzTVNMRnhAe5YKnFAdTOY3T9GZVSIUS2VLGDRXf09McKL1OAltZ4LNUC97M/E/r5eZ+CqYMJFmhgqyWBRnHBmJZgGgiClKDB9bgoli9lZEhlhhYmxMJRuCt/zyKnms17xG7eK+UWne5HEU4QRO4Rw8uIQm3EEL2kAghWd4hTcnc16cd+dj0Vpw8plj+APn8wfHv5Di</latexit>

M2

<latexit sha1_base64="O+lNnG921GYMEdSb7zVFTfd3LGk=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohs3QkVbC+1YMmmmDc1khiQjlKGf4MaFIm79Inf+jelDUNEDFw7n3Mu99wQJZ0oj9GHllpZXVtfy64WNza3tneLuXkvFqSS0SWIey3aAFeVM0KZmmtN2IimOAk5vg9H51L+9p1KxWNzocUL9CA8ECxnB2kjXl3flXrGEbOSeVlwHIrviebVq2ZATz3VQDTo2mqEEFmj0iu/dfkzSiApNOFaq46BE+xmWmhFOJ4VuqmiCyQgPaMdQgSOq/Gx26gQeGaUPw1iaEhrO1O8TGY6UGkeB6YywHqrf3lT8y+ukOqz5GRNJqqkg80VhyqGO4fRv2GeSEs3HhmAimbkVkiGWmGiTTsGE8PUp/J+0yrbj2tUrt1Q/W8SRBwfgEBwDB3igDi5AAzQBAQPwAJ7As8WtR+vFep235qzFzD74AevtEz76jcw=</latexit>

�u�M2

<latexit sha1_base64="M+U99Us4ImoBMiAmxWN4D14J4Hs=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK46TDTTp26K7pxI1SwrdCOJZOmbWwmGZKMUIb+gxsXirj1f9z5N6YPQUUPXDiccy/33hPGjCrtOB9WZml5ZXUtu57b2Nza3snv7jWVSCQmDSyYkDchUoRRThqaakZuYklQFDLSCkfnU791T6Sigl/rcUyCCA047VOMtJGaxaR4eVvq5guO7XinZc+Fjl32/WqlZMiJ77lOFbq2M0MBLFDv5t87PYGTiHCNGVKq7TqxDlIkNcWMTHKdRJEY4REakLahHEVEBens2gk8MkoP9oU0xTWcqd8nUhQpNY5C0xkhPVS/van4l9dOdL8apJTHiSYczxf1Ewa1gNPXYY9KgjUbG4KwpOZWiIdIIqxNQDkTwten8H/SLNmuZ1euvELtbBFHFhyAQ3AMXOCDGrgAddAAGNyBB/AEni1hPVov1uu8NWMtZvbBD1hvn+q/jrk=</latexit>

0

<latexit sha1_base64="GmgqA6iZZ46Ag+bK1+RTfmUvcfU=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE00KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19Au3mjQs=</latexit>

s

<latexit sha1_base64="/WFz7R2FWUTGCTICszSUWmsOhiY=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjLt1Km7ohuXLdgHtEPJpJk2NpMZkoxQhn6BGxeKuPWT3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek+u537mnUrFY3OppQv0IjwQLGcHaSE01KJaQjdzLiutAZFc8r1YtG3LhuQ6qQcdGC5TACo1B8b0/jEkaUaEJx0r1HJRoP8NSM8LprNBPFU0wmeAR7RkqcESVny0OncEzowxhGEtTQsOF+n0iw5FS0ygwnRHWY/Xbm4t/eb1UhzU/YyJJNRVkuShMOdQxnH8Nh0xSovnUEEwkM7dCMsYSE22yKZgQvj6F/5N22XZcu9p0S/WrVRx5cAJOwTlwgAfq4AY0QAsQQMEDeALP1p31aL1Yr8vWnLWaOQY/YL19AlOBjU4=</latexit>

IR UV

= 0

<latexit sha1_base64="XC/FYzPgnoTbqtPd4G70ikjl5So=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HDt9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs2zqndevbg/r9Ru8jiKcATHcAoeXEIN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wf9Ro0D</latexit>

Ck,u = Ress0=0

"
2s0 + u

s0(s0 + u)

A(s0, u)
⇥
s0(s0 + u)

⇤k/2

#
�

*
2m2 + u

m2 + u

PJ

�
1 + 2u

m2

�

⇥
m2(m2 + u)

⇤k/2

+
= 0

<latexit sha1_base64="MbbkCtLyqMi6djMiCx0p0Pf0sm0="></latexit>

IR UV

h(· · · )i ⌘ 1

⇡

X

J even

n(D)
J

Z 1

M2

dm2

m2
m4�D⇢J(m

2) (· · · )

<latexit sha1_base64="YMJRZCyrFhN25m3ngqF5pjISEic="></latexit>

where

[Arkani-Hamed, Huang, Huang ’20]
[Caron-Huot, DM, Rastelli, Simmons-Duffin ’21]



Dispersive Sum Rules

only sensitive to terms growing in the UV: gravity,      ,      , ...�2

<latexit sha1_base64="47ghk9xwUPRhSEt7AaTijseC5SE=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKS5tb0YvHCvYD2lA22027dLMJuxuhhP4ILx4U8erv8ea/cdtGUNEHA4/3ZpiZFyScKe04H1ZhY3Nre6e4W9rbPzg8Kh+fdFWcSkI7JOax7AdYUc4E7WimOe0nkuIo4LQXzK6Xfu+eSsVicafnCfUjPBEsZARrI/WGAdV4VB2VK47d9LyG5yLHdlZYknrdazrIzZUK5GiPyu/DcUzSiApNOFZq4DqJ9jMsNSOcLkrDVNEEkxme0IGhAkdU+dnq3AW6MMoYhbE0JTRaqd8nMhwpNY8C0xlhPVW/vaX4lzdIddj0MyaSVFNB1ovClCMdo+XvaMwkJZrPDcFEMnMrIlMsMdEmoZIJ4etT9D/pVm23Ztdva5XWVR5HEc7gHC7BhQa04Aba0AECM3iAJ3i2EuvRerFe160FK585hR+w3j4BVmSPlw==</latexit>

�3

<latexit sha1_base64="zIv6qfvdl+plSVNm+1YhNc/SAX4=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pc2t6MVjBfsBbSib7aZdutmE3Y1QSn+EFw+KePX3ePPfuGkjqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNpteZ372nUrFY3OlZQv0IjwULGcHaSN1BQDUeXg7LFcdueF7dc5FjO0tkpFbzGg5yc6UCOVrD8vtgFJM0okITjpXqu06i/TmWmhFOF6VBqmiCyRSPad9QgSOq/Pny3AU6M8oIhbE0JTRaqt8n5jhSahYFpjPCeqJ+e5n4l9dPddjw50wkqaaCrBaFKUc6RtnvaMQkJZrPDMFEMnMrIhMsMdEmoZIJ4etT9D/pXNhu1a7dVivNqzyOIpzAKZyDC3Vowg20oA0EpvAAT/BsJdaj9WK9rloLVj5zDD9gvX0CV+iPmA==</latexit>

t ! 0 ) GN > 0

<latexit sha1_base64="vncBMi+prdDxOGHb368IEQ2WwGk="></latexit>

gravity is attractive

8⇡GN

✓
�1

t
+ 2�2 � �3t+ 8�4t

2 + . . .

◆
=

*
(2m2 + t)PJ

�
1 + 2t

m2

�

m2(m2 + t)

+

UV

<latexit sha1_base64="VLCW9eEAi3IZxk4egxnXIAXS2r8="></latexit>

Would like to isolate individual couplings in the presence 
of gravity but can not expand around the forward limit.

Problem:

t = 0

<latexit sha1_base64="gy39TJjEqThij16EhkZzay9n1n8=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjLt1KkLoejGZUX7gHYomTTThmYyQ5IRytBPcONCEbd+kTv/xvQhqOiBC4dz7uXee4KEM6UR+rByK6tr6xv5zcLW9s7uXnH/oKXiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHw189v3VCoWizs9Sagf4aFgISNYG+lWX6B+sYRs5J5XXAciu+J5tWrZkDPPdVANOjaaowSWaPSL771BTNKICk04VqrroET7GZaaEU6nhV6qaILJGA9p11CBI6r8bH7qFJ4YZQDDWJoSGs7V7xMZjpSaRIHpjLAeqd/eTPzL66Y6rPkZE0mqqSCLRWHKoY7h7G84YJISzSeGYCKZuRWSEZaYaJNOwYTw9Sn8n7TKtuPa1Ru3VL9cxpEHR+AYnAIHeKAOrkEDNAEBQ/AAnsCzxa1H68V6XbTmrOXMIfgB6+0TRTeN0A==</latexit>

Suppose no gravity          can expand around the forward limit)

<latexit sha1_base64="l9cVNefmDBOy641+DVJ4STzwkUM=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GmbaqVN3RTcuq9gHdIaSSTNtaCYZkoxSSn/DjQtF3Poz7vwb04egogcuHM65l3vviVJGlXacDyu3srq2vpHfLGxt7+zuFfcPWkpkEpMmFkzIToQUYZSTpqaakU4qCUoiRtrR6HLmt++IVFTwWz1OSZigAacxxUgbKQhu6GCokZTiHvaKJcd2vPOK50LHrvh+rVo25Mz3XKcGXduZowSWaPSK70Ff4CwhXGOGlOq6TqrDCZKaYkamhSBTJEV4hAakayhHCVHhZH7zFJ4YpQ9jIU1xDefq94kJSpQaJ5HpTJAeqt/eTPzL62Y6roUTytNME44Xi+KMQS3gLADYp5JgzcaGICypuRXiIZIIaxNTwYTw9Sn8n7TKtuvZ1WuvVL9YxpEHR+AYnAIX+KAOrkADNAEGKXgAT+DZyqxH68V6XbTmrOXMIfgB6+0TX/SR7g==</latexit>

�2 =

⌧
1

m2

�

UV

> 0

<latexit sha1_base64="5eiS0EkLqjZSthfTU1YxwWQfJvY="></latexit>

�3 =

⌧
3�#

m4

�

UV

 3�2

M2

<latexit sha1_base64="ZiHH5gKGs5OtoT1+1RJPMpUAsQ0="></latexit>

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi ’06] 
[de Rham, Melville, Tolley, Zhou ’17] 
[Arkani-Hamed, Huang, Huang ’20] 
[Caron-Huot, Van Duong ’20], [Bellazzini, Miro, Rattazzi, Riembau, Riva ’20], [Tolley, Wang, Zhou ’20],  
[Sinha, Zahed ’20], [Gopakumar, Sinha, Zahed ’20] 



Solution of the Problem

8⇡GN

✓
�1

t
+ 2�2 � �3t+ 8�4t

2 + . . .

◆
=

*
(2m2 + t)PJ

�
1 + 2t

m2

�

m2(m2 + t)

+

UV

<latexit sha1_base64="VLCW9eEAi3IZxk4egxnXIAXS2r8="></latexit>

Part 1: Use crossing symmetry to eliminate �4, �5, . . .

<latexit sha1_base64="bn0+Y7xPr0HNw98FX5dohAc14tI=">AAACAXicdVDJSgNBEO1xjXGLehG8NAbBQxhmkomJt6AXjxHMAplh6Ol0kiY9C901Qgjx4q948aCIV//Cm39jZxFU9EHB470qquoFieAKLOvDWFpeWV1bz2xkN7e2d3Zze/tNFaeSsgaNRSzbAVFM8Ig1gINg7UQyEgaCtYLh5dRv3TKpeBzdwChhXkj6Ee9xSkBLfu7QDRgQ3ym4hTkrF1zRjUH5ubxlWs55ybGxZZYqlWq5qMlZxbGtKrZNa4Y8WqDu597dbkzTkEVABVGqY1sJeGMigVPBJlk3VSwhdEj6rKNpREKmvPHsgwk+0UoX92KpKwI8U79PjEmo1CgMdGdIYKB+e1PxL6+TQq/qjXmUpMAiOl/USwWGGE/jwF0uGQUx0oRQyfWtmA6IJBR0aFkdwten+H/SLJq2Y5avnXztYhFHBh2hY3SKbFRBNXSF6qiBKLpDD+gJPRv3xqPxYrzOW5eMxcwB+gHj7ROnrpZr</latexit>

8⇡GN

✓
�1

t
+ 2�2 � �3t

◆
=

*
(2m2 + t)PJ

�
1 + 2t

m2

�

m2(m2 + t)
+ corrections

+

UV

<latexit sha1_base64="BBayHxLmlLlA81t0ss+N6a3yPEA="></latexit>

Part 2: Do not use wavepackets localized around the forward limit.
Instead, localize around small impact parameter!

|b| . M�1

<latexit sha1_base64="hQ5Ni2XgD7sEAbsX7p+IPtFRuRQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpC0qam7ohs3QgXbCm0sk+mkHTp5MDMRS5pfceNCEbf+iDv/xulDUNEDFw7n3Mu993gxo0Ka5oeWW1peWV3Lrxc2Nre2d/TdYktECcekiSMW8RsPCcJoSJqSSkZuYk5Q4DHS9kbnU799R7igUXgtxzFxAzQIqU8xkkrq6cWJN+kyIoSgAby8TY+trKeXTMO0Tyu2BU2j4ji1almRE8e2zBq0DHOGElig0dPfu/0IJwEJJWZIiI5lxtJNEZcUM5IVuokgMcIjNCAdRUMUEOGms9szeKiUPvQjriqUcKZ+n0hRIMQ48FRngORQ/Pam4l9eJ5F+zU1pGCeShHi+yE8YlBGcBgH7lBMs2VgRhDlVt0I8RBxhqeIqqBC+PoX/k1bZsGyjemWX6meLOPJgHxyAI2ABB9TBBWiAJsDgHjyAJ/CsZdqj9qK9zltz2mJmD/yA9vYJLmyUjQ==</latexit>

|t| ⇠ M2

<latexit sha1_base64="9nWG76X+nLUChUX0/nQCHz5W7VQ=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmaSiRNvQS9ehAhmgSSGnk5P0qRnobtGCJN8hhcPinj1a7z5N3YWQUUfFDzeq6KqnhcLrsCyPozMyura+kZ2M7e1vbO7l98/aKgokZTVaSQi2fKIYoKHrA4cBGvFkpHAE6zpjS5nfvOeScWj8BbGMesGZBByn1MCWmpPYNJRPMDXd8VevmCZlnNecmxsmSXXrZSLmpy5jm1VsG1acxTQErVe/r3Tj2gSsBCoIEq1bSuGbkokcCrYNNdJFIsJHZEBa2sakoCpbjo/eYpPtNLHfiR1hYDn6veJlARKjQNPdwYEhuq3NxP/8toJ+JVuysM4ARbSxSI/ERgiPPsf97lkFMRYE0Il17diOiSSUNAp5XQIX5/i/0mjaNqOWb5xCtWLZRxZdISO0SmykYuq6ArVUB1RFKEH9ISeDTAejRfjddGaMZYzh+gHjLdPUzORTQ==</latexit>

requires going far from the forward limit

effectively combines
[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi ’06]

[Camanho, Edelstein, Maldacena, Zhiboedov ’14]
+

[Caron-Huot, DM, Rastelli, Simmons-Duffin ’21]



A Comparison with the Forward Limit
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Results with Gravity
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<latexit sha1_base64="pj9/VMnicSAbL4TFk91M28C/G54=">AAAB8nicdVDLSgNBEJyNrxhfUY9eBoPgadlNNibegl68CBHMA5I1zE4myZDZnWWmVwhLPsOLB0W8+jXe/BsnD0FFCxqKqm66u4JYcA2O82FlVlbX1jeym7mt7Z3dvfz+QVPLRFHWoFJI1Q6IZoJHrAEcBGvHipEwEKwVjC9nfuueKc1ldAuTmPkhGUZ8wCkBI3W6AQPSK+Lru2IvX3BsxzsveS527FKlUi0XDTmreK5Txa7tzFFAS9R7+fduX9IkZBFQQbTuuE4MfkoUcCrYNNdNNIsJHZMh6xgakZBpP52fPMUnRunjgVSmIsBz9ftESkKtJ2FgOkMCI/3bm4l/eZ0EBlU/5VGcAIvoYtEgERgknv2P+1wxCmJiCKGKm1sxHRFFKJiUciaEr0/x/6RZtF3PLt94hdrFMo4sOkLH6BS5qIJq6ArVUQNRJNEDekLPFliP1ov1umjNWMuZQ/QD1tsngYiQxQ==</latexit>
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saturated by strongly-coupled string theory?



Summary

Derived rigorous bounds on EFT couplings in consistent weakly coupled 
theories of gravity.

The bounds follow from unitarity and causality, implemented by dispersion 
relations.

The key new idea is to localize the dispersion relation in the transverse 
impact parameter space.

This resolves the notorius difficulties presented by the t-channel graviton pole.

Note: only used weak coupling of the EFT, not the UV.

can incorporate EFT loops



The technique generalizes to arbitrary S-matrix elements

Looking Ahead

a systematic bootstrap program for classifying 
weakly-coupled gravity theories from first principles

uniqueness of string theory

or new possibilities?

non-gravitational S-matrices with 
massive higher-spin particles

explore the space of large N 
gauge theories



More Fascinating Questions

Relationship to flat space holography

Cosmology: sum rules for de Sitter gravity?



Conjecture:

Large N and large gap implies local description in the bulk.

[Heemskerk, Penedones, Polchinski, Sully ’09]

AdS/CFT

[Hartman, Jain, Kundu] 
Caron-Huot, Alday, Bissi, Kravchuk, Meltzer, Simmons-Duffin, Penedones, Perlmutter, Zhiboedov, ...



Dispersive Sum Rules in AdS/CFT

4. Dispersive sum rules (= analytic functionals) come from     
integrating along null rays.

�⇥ � = 1 +
X

n,`
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| {z }
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2.

[Caron-Huot, DM, Rastelli, Simmons-Duffin]



Conjecture:

Large N and large gap implies local description in the bulk.

[Heemskerk, Penedones, Polchinski, Sully ’09]

Show that Einstein gravity in AdS

 emerges from these assumptions. 

for 4pt functions of scalar primaries

Dispersive Sum Rules in AdS/CFT

Can essentially repeat the flat space argument.


