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A few questions

Can we use basic principles (unitarity, causality, …) to 
constrain quantum gravity theories from the boEom up?

How much can a quantum theory of gravity, possessing 
a large spectral gap and saHsfying minimal axioms, 

differ from Einstein's General RelaHvity?

AOer imposing such constraints, how big is the 
swampland?



Outline

2. What we can and cannot do for the swampland

1. Dispersive bounds a (very) short review

(3. Bonus?)



Dispersive bounds:  
a (very) short review



A dispersive bound

• Scalar EFT with shiO symmetry (e.g. dilaton)

B(t) =

I
ds

s3
M(s, t)A sum rule:

At low energies

At high energies B(0) =

Z 1

0

ds

s3
ImM(s, 0) =

Z 1

0

ds

s2
�

s

• Unitarity, causality, etc             analyHc properHes of
<latexit sha1_base64="ioTIlT5o2ulOFlgPNSy8SRas6+4=">AAAB/3icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxkaIYD4gOcLeZi9Zsrt37O4J4bjCv2CrvZ3Y+lNs/SVukitM4oOBx3szzMwLYs60cd1vp7C2vrG5Vdwu7ezu7R+UD49aOkoUoU0S8Uh1AqwpZ5I2DTOcdmJFsQg4bQfj26nffqJKs0g+mklMfYGHkoWMYGOlTtojmKP7rF+uuFV3BrRKvJxUIEejX/7pDSKSCCoN4VjrrufGxk+xMoxwmpV6iaYxJmM8pF1LJRZU++ns3gydWWWAwkjZkgbN1L8TKRZaT0RgOwU2I73sTcX/vG5iwms/ZTJODJVkvihMODIRmj6PBkxRYvjEEkwUs7ciMsIKE2MjWtgSiKxkQ/GWI1glrYuqd1mtPdQq9Zs8niKcwCmcgwdXUIc7aEATCHB4gVd4c56dd+fD+Zy3Fpx85hgW4Hz9Agxglmo=</latexit>
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<latexit sha1_base64="JHyXPEizo3cVhECv1dktk9fzB2Q=">AAACAXicbVDLSgMxFM3UV62vqks3oUWoCGWmiLoRhrpxWcE+sB1KJs20oUlmSDLCMHTlL3Sre3fi1i/p1i8xfSxs64ELh3Pu5d57/IhRpW17YmU2Nre2d7K7ub39g8Oj/PFJQ4WxxKSOQxbKlo8UYVSQuqaakVYkCeI+I01/eD/1my9EKhqKJ51ExOOoL2hAMdJGeq6W7At4B/vdSjdftMv2DHCdOAtSdAudy/HETWrd/E+nF+KYE6ExQ0q1HTvSXoqkppiRUa4TKxIhPER90jZUIE6Ul84uHsFzo/RgEEpTQsOZ+nciRVyphPumkyM9UKveVPzPa8c6uPVSKqJYE4Hni4KYQR3C6fuwRyXBmiWGICypuRXiAZIIaxPS0hafj3ImFGc1gnXSqJSd6/LVo1N0q2COLDgDBVACDrgBLngANVAHGAgwBm/g3Xq1PqxP62vemrEWM6dgCdb3L3x8mNE=</latexit>

B(0) = g2 <latexit sha1_base64="sMFaX182hwvaiXsMA6OnTU8cZMs=">AAACGXicbVDLSgMxFM3UV62vqks3oUUQhDJTRN0oRTcuK9gHdIYhk2amoUlmSDLCULr1C9z5C251707cuurWLzF9LGzrgQsn59zLzT1BwqjStj2yciura+sb+c3C1vbO7l5x/6Cp4lRi0sAxi2U7QIowKkhDU81IO5EE8YCRVtC/HfutRyIVjcWDzhLicRQJGlKMtJH8Ioz8KryCLkMiYgS6ikYcQVdOn9fQ9otlu2JPAJeJMyPlWsk9fR7Vsrpf/HG7MU45ERozpFTHsRPtDZDUFDMyLLipIgnCfRSRjqECcaK8weSSITw2SheGsTQlNJyofycGiCuV8cB0cqR7atEbi/95nVSHl96AiiTVRODpojBlUMdwHAvsUkmwZpkhCEtq/gpxD0mEtQlvbkvAhwUTirMYwTJpVivOeeXs3inXbsAUeXAESuAEOOAC1MAdqIMGwOAJvII38G69WB/Wp/U1bc1Zs5lDMAfr+xfC2aIa</latexit>

g2 = h�i > 0

(c.f. proof of the D=4 a-theorem)



• Uses posiHvity in the forward limit (e.g. opHcal theorem)

Forward limit bounds
• Example of “old fashioned” posiHvity bounds

• Can only bound sign of terms even in CoM energy squared (“s”)

• More examples of posiHvity:

- Coefficient of            in Maxwell EFT 
<latexit sha1_base64="Y1qbjGf6fBXrCAmADTTkBULj4AM=">AAAB+nicbVDLSgNBEOyNr7i+oh69DAbBU9iVoF7EoCAeI5oHJGuYncwmQ2Znl5lZIaz5BK9615N49R/8BPHqlzhJPJjEgoaiqpvuLj/mTGnH+bIyc/MLi0vZZXtldW19I7e5VVVRIgmtkIhHsu5jRTkTtKKZ5rQeS4pDn9Oa3zsf+rU7KhWLxI3ux9QLcUewgBGsjXR9cVts5fJOwRkBzRL3l+RPP+yT+OXTLrdy3812RJKQCk04VqrhOrH2Uiw1I5wO7GaiaIxJD3dow1CBQ6q8dHTqAO0ZpY2CSJoSGo3UvxMpDpXqh77pDLHuqmlvKP7nNRIdHHspE3GiqSDjRUHCkY7Q8G/UZpISzfuGYCKZuRWRLpaYaJPOxBY/HNgmFHc6gllSPSi4h4XilZMvncEYWdiBXdgHF46gBJdQhgoQ6MADPMKTdW89W6/W27g1Y/3ObMMErPcfjXyXXA==</latexit>

F 4 [Adams, Arkani-Hamed, 
Dubovski, Nicolis, Ratazzi]

- Coefficient of            in gravitaHonal EFT 
<latexit sha1_base64="jz7W40D6G/EK1OAuTa4Zel3Jnpk=">AAAB+nicbVDLSgNBEOyNr7i+oh69DAbBU9iVoF7EoBeP8ZEHJGuYncwmQ2Znl5lZIaz5BK9615N49R/8BPHqlzhJPJjEgoaiqpvuLj/mTGnH+bIyc/MLi0vZZXtldW19I7e5VVVRIgmtkIhHsu5jRTkTtKKZ5rQeS4pDn9Oa3zsf+rU7KhWLxI3ux9QLcUewgBGsjXR9dVts5fJOwRkBzRL3l+RPP+yT+OXTLrdy3812RJKQCk04VqrhOrH2Uiw1I5wO7GaiaIxJD3dow1CBQ6q8dHTqAO0ZpY2CSJoSGo3UvxMpDpXqh77pDLHuqmlvKP7nNRIdHHspE3GiqSDjRUHCkY7Q8G/UZpISzfuGYCKZuRWRLpaYaJPOxBY/HNgmFHc6gllSPSi4h4XipZMvncEYWdiBXdgHF46gBBdQhgoQ6MADPMKTdW89W6/W27g1Y/3ObMMErPcfoISXaA==</latexit>

R4 [Cheung, Remmen]

• Forward limit dangerous when gravity is on
<latexit sha1_base64="9fg1jpkMYZq3Xy9J5xbbMaMyZ94="></latexit>
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<latexit sha1_base64="Y1qbjGf6fBXrCAmADTTkBULj4AM=">AAAB+nicbVDLSgNBEOyNr7i+oh69DAbBU9iVoF7EoCAeI5oHJGuYncwmQ2Znl5lZIaz5BK9615N49R/8BPHqlzhJPJjEgoaiqpvuLj/mTGnH+bIyc/MLi0vZZXtldW19I7e5VVVRIgmtkIhHsu5jRTkTtKKZ5rQeS4pDn9Oa3zsf+rU7KhWLxI3ux9QLcUewgBGsjXR9cVts5fJOwRkBzRL3l+RPP+yT+OXTLrdy3812RJKQCk04VqrhOrH2Uiw1I5wO7GaiaIxJD3dow1CBQ6q8dHTqAO0ZpY2CSJoSGo3UvxMpDpXqh77pDLHuqmlvKP7nNRIdHHspE3GiqSDjRUHCkY7Q8G/UZpISzfuGYCKZuRWRLpaYaJPOxBY/HNgmFHc6gllSPSi4h4XilZMvncEYWdiBXdgHF46gBJdQhgoQ6MADPMKTdW89W6/W27g1Y/3ObMMErPcfjXyXXA==</latexit>

F 4
<latexit sha1_base64="Zfab9AUgsw8L17XdO5OPPvVRKf8=">AAAB+3icbVDLSgMxFM3UVx1fVZdugkVwVWaKqBuxKIjLKvYB7VgyaaYNTTJDkhHKML/gVvfdiVu/wU8Qt36JmbYL23rgwuGce7n3Hj9iVGnH+bZyS8srq2v5dXtjc2t7p7C7V1dhLDGp4ZCFsukjRRgVpKapZqQZSYK4z0jDH1xnfuOJSEVD8aCHEfE46gkaUIx0Jt3fPJY7haJTcsaAi8SdkuLlp30Rjb7saqfw0+6GOOZEaMyQUi3XibSXIKkpZiS127EiEcID1CMtQwXiRHnJ+NYUHhmlC4NQmhIajtW/EwniSg25bzo50n0172Xif14r1sG5l1ARxZoIPFkUxAzqEGaPwy6VBGs2NARhSc2tEPeRRFibeGa2+Dy1TSjufASLpF4uuaelkzunWLkCE+TBATgEx8AFZ6ACbkEV1AAGffAMXsCrlVoj6816n7TmrOnMPpiB9fELMbmXtg==</latexit>
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Q: Many swampland arguments are non-
perturbaHve in nature (e.g. black holes). 

Why would this ever help?

A: Dispersion relaHons are also non-
perturbaHve. LE part is computed in EFT, 

but HE part encodes non-perturbaHve 
processes. Constraints (unitarity, 

causality) are also general.



• Crossing

Gravity amplitude
• Let us focus on MHV sector

M(1+2�3�4+) = h23i4[14]4f(s, u)
M(1+2�3+4�) = h24i4[13]4f(t, s)
M(1+2+3�4�) = h34i4[12]4f(t, u)

• EFT expansion

f(s, u) = f(u, s)

R3 R4 D2R4 D4R4Einstein-Hilbert

<latexit sha1_base64="HLDqkhMupufAoFeljU4u2pnSZI4="></latexit>
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1. Low energy spectrum & EFT expansion 

2. Quantum causality (= analiHcity & crossing) 

3. Lorentz invariance at all scales (spectrum organized by mass, spin) 

4. ParHal wave unitarity 

5. Regge boundedness

Assumptions

<latexit sha1_base64="v4+OxhzG1UZd6lluUsy2e09ZMFg="></latexit>

ImM(m2, t) =
X

J

⇢hi
J (m2)dJh,h0(1 + 2t

m2 )

<latexit sha1_base64="NqemC21ppShNGPSP2Fp6fQn4Sz4="></latexit>

0 < ⇢hi
J (m2) = |chi

J,m2 |2 < 2

<latexit sha1_base64="vrTZ9sXg8Bvokk6yRHRQp9MpRgI=">AAACGHicbVC7TsMwFHXKq5RXgJEBiwqJqSRVBQwgVTCUpVKR6ENqQ+S4bmvVcSLbQaqijPwEv8AKOxtiZWPlS3DbDLTlSLaPz7lX1z5eyKhUlvVtZJaWV1bXsuu5jc2t7R1zd68hg0hgUscBC0TLQ5IwykldUcVIKxQE+R4jTW94M/abj0RIGvB7NQqJ46M+pz2KkdKSax5W5EMRXsJKVR9XUO+nVTcOWaKvHcZs18xbBWsCuEjslORBippr/nS6AY58whVmSMq2bYXKiZFQFDOS5DqRJCHCQ9QnbU058ol04slHEnislS7sBUIvruBE/dsRI1/Kke/pSh+pgZz3xuJ/XjtSvQsnpjyMFOF4OqgXMagCOE4FdqkgWLGRJggLqt8K8QAJhJXObmaK5yc5HYo9H8EiaRQL9lmhdFfKl6/TeLLgAByBE2CDc1AGt6AG6gCDJ/ACXsGb8Wy8Gx/G57Q0Y6Q9+2AGxtcv7n6dmA==</latexit>

Gs2 < GM2 = M2/M2
pl ⌧ 1

<latexit sha1_base64="B91RinAshz0skgBXfdRSXGhR0ww="></latexit>

lim
|s|!1

M/|s|2 = 0



“Bootstrappy” Dispersive bounds

• If we can find a funcHonal        such that F

then we get a bound on EFT coefficients from 

<latexit sha1_base64="wQhPZ13gM+YUWsmNNdJRgkFq5pU="></latexit>
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<latexit sha1_base64="0mK7bZ04wn+kKsRaQXZLKnx8kqc="></latexit>
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f(s, p2�s) = 0• Sum rule

<latexit sha1_base64="xl+sgPjY/+o+KTQKj0xCnjxLOgk=">AAAB/XicbVA9SwNBEN2LXzF+RS0VOQyCjeEuiNoIQRvLBMwHJGfY22ySNbt7x+6cEI5gZW+rvZ3Ymr9ia+ufcPNRmMQHA4/3ZpiZ54ecaXCcLyuxsLi0vJJcTa2tb2xupbd3yjqIFKElEvBAVX2sKWeSloABp9VQUSx8Tit+93roVx6o0iyQt9ALqSdwW7IWIxiMVIbLk/Au10hnnKwzgj1P3AnJ5PcHxZ+ng0Ghkf6uNwMSCSqBcKx1zXVC8GKsgBFO+6l6pGmISRe3ac1QiQXVXjy6tm8fGaVptwJlSoI9Uv9OxFho3RO+6RQYOnrWG4r/ebUIWhdezGQYAZVkvKgVcRsCe/i63WSKEuA9QzBRzNxqkw5WmIAJaGqLL/opE4o7G8E8Keey7ln2tGjSuUJjJNEeOkTHyEXnKI9uUAGVEEH36Bm9oFfr0Xqz3q2PcWvCmszsoilYn78yK5jq</latexit>

t = �p2

• Unitarity helps!
<latexit sha1_base64="NX9JgmVwmPC2/Wn877eRRGdAjo4="></latexit>
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<latexit sha1_base64="yRNSxnL9c2Yi6YzmFJhXvkB7Rt4=">AAACCnicbVDLSsNAFJ34rPWV6tLN0CJUhJIUUZdFN+Kqgn1AE8NkOm2HziRhZqKE0D9w6dat7t2JW3+iW7/ESduFbT1w4XDOvZzL8SNGpbKssbGyura+sZnbym/v7O7tm4WDpgxjgUkDhywUbR9JwmhAGooqRtqRIIj7jLT84XXmtx6JkDQM7lUSEZejfkB7FCOlJc8sOGIQerdl/lA9cfoEWnnPLFkVawK4TOwZKdWKzunLuJbUPfPH6YY45iRQmCEpO7YVKTdFQlHMyCjvxJJECA9Rn3Q0DRAn0k0nr4/gsVa6sBcKPYGCE/XvRYq4lAn39SZHaiAXvUz8z+vEqnfppjSIYkUCPA3qxQyqEGY9wC4VBCuWaIKwoPpXiAdIIKx0W3MpPh9lpdiLFSyTZrVin1fO7nQ7V2CKHDgCRVAGNrgANXAD6qABMHgCr+ANvBvPxofxaXxNV1eM2c0hmIPx/Quyz5wt</latexit>

⇢J(m
2) � 0

[Caron-Huot, Van Duong; Caron-Huot, Li, JPM, Simmons-Duffin]



Gravity is weak (and attractive)
• Can find a funcHonal such that

• This implies

<latexit sha1_base64="5bNC3nWptlvgKiGCJl363vVtpMk=">AAACA3icbVDLSgMxFM3UV62vqks3wSK4qjOlqBuhKIjLCvYB07Fk0kwbmmRCkhFK6dJfcKt7d+LWD3Hrl5hpZ2FbD1w4nHMv53JCyag2rvvt5FZW19Y38puFre2d3b3i/kFTx4nCpIFjFqt2iDRhVJCGoYaRtlQE8ZCRVji8Sf3WE1GaxuLBjCQJOOoLGlGMjJU6t753Jh8rwRX0Ct1iyS27U8Bl4mWkBDLUu8WfTi/GCSfCYIa09j1XmmCMlKGYkUmhk2giER6iPvEtFYgTHYynP0/giVV6MIqVHWHgVP17MUZc6xEP7SZHZqAXvVT8z/MTE10GYypkYojAs6AoYdDEMC0A9qgi2LCRJQgran+FeIAUwsbWNJcS8klairdYwTJpVsreebl6Xy3VrrN68uAIHINT4IELUAN3oA4aAAMJXsAreHOenXfnw/mcreac7OYQzMH5+gWwKpaX</latexit>

F [1/p2] = 1
<latexit sha1_base64="TvPyHyrGBlbQjn1pxwj6Ex90PKI=">AAACAXicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9CURCPFewHprFstpt26WYTdjdCCT35F7zq3Zt49Zd49Ze4aXuwrQ8GHu/NMDPPjzlT2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXmd+64lKxSJxr0cx9ULcFyxgBGsjPdy48WPVu0R2oVss2WV7ArRMnBkpwQz1bvGn04tIElKhCcdKuY4day/FUjPC6bjQSRSNMRniPnUNFTikyksnF4/RiVF6KIikKaHRRP07keJQqVHom84Q64Fa9DLxP89NdHDhpUzEiaaCTBcFCUc6Qtn7qMckJZqPDMFEMnMrIgMsMdEmpLktfjjOQnEWI1gmzbOyUy1X7iql2tUsnjwcwTGcggPnUINbqEMDCAh4gVd4s56td+vD+py25qzZzCHMwfr6Bc7pliY=</latexit>

F [p6] = 0

and is posiHve on high-energy spectrum 

• So gravity is:

<latexit sha1_base64="TCw9jkLwILSx1rJjuhzY9lN7yuc="></latexit>

G =
X

J,m2

|cJ,m2 |2(positive)

1. AEracHve (duh!) 
2. Weakly coupled at all scales M < Mpl!

• This guarantees bounds on all contacts  
<latexit sha1_base64="YN6j+x5MlSaHvyrxQgbdbNSc5WU=">AAACBXicbVC7SgNBFL3rM8ZX1NJmMAhWYTcEtbAIWmgjRDAPSDZhdjKbDJmdXWZmhbBs7S/Yam8ntn6HrV/iJNnCJB64cDjnXs7leBFnStv2t7Wyura+sZnbym/v7O7tFw4OGyqMJaF1EvJQtjysKGeC1jXTnLYiSXHgcdr0RjcTv/lEpWKheNTjiLoBHgjmM4K1kbr33aTMUjToMXSFbnuFol2yp0DLxMlIETLUeoWfTj8kcUCFJhwr1XbsSLsJlpoRTtN8J1Y0wmSEB7RtqMABVW4y/TpFp0bpIz+UZoRGU/XvRYIDpcaBZzYDrIdq0ZuI/3ntWPuXbsJEFGsqyCzIjznSIZpUgPpMUqL52BBMJDO/IjLEEhNtippL8YI0b0pxFitYJo1yyTkvVR4qxep1Vk8OjuEEzsCBC6jCHdSgDgQkvMArvFnP1rv1YX3OVles7OYI5mB9/QIowpgF</latexit>

M2igi < G

<latexit sha1_base64="p2H4oZD7gcLmoRsLNma85Nol048="></latexit>
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(Sharp: dimensional analysis with O(1) coefficient fixed)



What we can and cannot do for 
the swampland



<latexit sha1_base64="MP1wn3XzJp7Gydzz4ps0LMBRcSs=">AAAB+nicbVC7TgMxENwLrxBeAUoaiwiJKrqDCCgjaCjDIw8pOSKf40us2L6T7UOKjnwCLfR0iJafoeVLcJIrSGCklUYzu9rdCWLOtHHdLye3tLyyupZfL2xsbm3vFHf3GjpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw6uJ33ykSrNI3ptRT H2B+5KFjGBjpbvbh9NuseSW3SnQX+JlpAQZat3id6cXkURQaQjHWrc9NzZ+ipVhhNNxoZNoGmMyxH3atlRiQbWfTk8doyOr9FAYKVvSoKn6eyLFQuuRCGynwGagF72J+J/XTkx44adMxomhkswWhQlHJkKTv1GPKUoMH1mCiWL2VkQGWGFibDpzWwIxLthQvMUI/pLGSdk7K1duKqXqZRZPHg7gEI7Bg3OowjXUoA4E+vAML/DqPDlvzrvzMWvNOdnMPszB+fwBC1mUKg==</latexit>

R3

<latexit sha1_base64="msSRhamRLnVOtm02s+gyOHwCs0c=">AAAB+nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7xwSOBlcwOszBhZnYzM2tCVj7Bq969Ga/+jFe/xAH2IGAlnVSqutPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhtcTv/lElWaRfDCjmPoC9yULGcHGSvd3j5VuseSW3SnQMvEyUoIMtW7xp9OLSCKoNIRjrdueGxs/xcowwum40Ek0jTEZ4j5tWyqxoNpPp6eO0YlVeiiMlC1p0FT9O5FiofVIBLZTYDPQi95E/M9rJya89FMm48RQSWaLwoQjE6HJ36jHFCWGjyzBRDF7KyIDrDAxNp25LYEYF2wo3mIEy6RxVvbOy5XbSql6lcWThyM4hlPw4AKqcAM1qAOBPrzAK7w5z8678+F8zlpzTjZzCHNwvn4BDO2UKw==</latexit>

R4

Forward limit

<latexit sha1_base64="Y4NaRuJ1XJL2jVsgHw/T29o6yYQ=">AAAB+nicbVA9TwJBEJ3DL8Qv1NJmIzGxIneEqCXRxhI/QBI4yd6yBxt29y67eybk5CfYam9nbP0ztv4SF7hCwJdM8vLeTGbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXikWgHWlDNJG4YZTluxolgEnD4Ew6uJ//BElWaRvDejmPoC9yULGcHGSne3j5VuseSW3SnQMvEyUoIM9W7xp9OLSCKoNIRjrdueGxs/xcowwum40Ek0jTEZ4j5tWyqxoNpPp6eO0YlVeiiMlC1p0FT9O5FiofVIBLZTYDPQi95E/M9rJya88FMm48RQSWaLwoQjE6HJ36jHFCWGjyzBRDF7KyIDrDAxNp25LYEYF2wo3mIEy6RZKXtn5epNtVS7zOLJwxEcwyl4cA41uIY6NIBAH17gFd6cZ+fd+XA+Z605J5s5hDk4X78JxZQp</latexit>

R2

<latexit sha1_base64="MP1wn3XzJp7Gydzz4ps0LMBRcSs=">AAAB+nicbVC7TgMxENwLrxBeAUoaiwiJKrqDCCgjaCjDIw8pOSKf40us2L6T7UOKjnwCLfR0iJafoeVLcJIrSGCklUYzu9rdCWLOtHHdLye3tLyyupZfL2xsbm3vFHf3GjpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw6uJ33ykSrNI3ptRTH2B+5KFjGBjpbvbh9NuseSW3SnQX+JlpAQZat3id6cXkURQaQjHWrc9NzZ+ipVhhNNxoZNoGmMyxH3atlRiQbWfTk8doyOr9FAYKVvSoKn6eyLFQuuRCGynwGagF72J+J/XTkx44adMxomhkswWhQlHJkKTv1GPKUoMH1mCiWL2VkQGWGFibDpzWwIxLthQvMUI/pLGSdk7K1duKqXqZRZPHg7gEI7Bg3OowjXUoA4E+vAML/DqPDlvzrvzMWvNOdnMPszB+fwBC1mUKg==</latexit>

R3

Two-sided bounds, 
not only posiHvity!

Provides an on-shell 
version of the usual 
species argument

<latexit sha1_base64="hBoQAAnZRMMbEgJX9ppqqcn4e1E="></latexit>
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[Caron-Huot, Li, JPM, Simmons-Duffin]

Cannot bound sign…



Positivity is spoiled by gravity
[Caron-Huot, Mazac, Rastelli, Simmons-Duffin]
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The reason is that graviton pole is aEracHve and dominates.          
We cannot probe it beyond the EFT cutoff

<latexit sha1_base64="dH7Gccv9UqTUlwlAa0xFGaLCMDg=">AAACAHicbVC7SgNBFL3rM66vqKXNYBCswm4QtRGDNjZCBPOQZA2zk9lkyMzuMjMrhCWNv2CrlY2d2PoDfoLY+iVOHoVJPHDhcM693HuPH3OmtON8W3PzC4tLy5kVe3VtfWMzu7VdUVEiCS2TiEey5mNFOQtpWTPNaS2WFAuf06rfvRj41XsqFYvCG92LqSdwO2QBI1gb6VY3FBPo6q7QzOacvDMEmiXumOTOPu3T+OXLLjWzP41WRBJBQ004VqruOrH2Uiw1I5z27UaiaIxJF7dp3dAQC6q8dHhwH+0bpYWCSJoKNRqqfydSLJTqCd90Cqw7atobiP959UQHJ17KwjjRNCSjRUHCkY7Q4HvUYpISzXuGYCKZuRWRDpaYaJPRxBZf9G0TijsdwSypFPLuUf7w2skVz2GEDOzCHhyAC8dQhEsoQRkICHiEJ3i2HqxX6816H7XOWeOZHZiA9fELApKZ1g==</latexit>

t ⇠ M2



Large black holes and WGC

[Henriksson, McPeak, Russo, Vichi]

Same goes for coefficient of            whose sign is correlated with 
shiO in extremality bound

<latexit sha1_base64="Y1qbjGf6fBXrCAmADTTkBULj4AM=">AAAB+nicbVDLSgNBEOyNr7i+oh69DAbBU9iVoF7EoCAeI5oHJGuYncwmQ2Znl5lZIaz5BK9615N49R/8BPHqlzhJPJjEgoaiqpvuLj/mTGnH+bIyc/MLi0vZZXtldW19I7e5VVVRIgmtkIhHsu5jRTkTtKKZ5rQeS4pDn9Oa3zsf+rU7KhWLxI3ux9QLcUewgBGsjXR9cVts5fJOwRkBzRL3l+RPP+yT+OXTLrdy3812RJKQCk04VqrhOrH2Uiw1I5wO7GaiaIxJD3dow1CBQ6q8dHTqAO0ZpY2CSJoSGo3UvxMpDpXqh77pDLHuqmlvKP7nNRIdHHspE3GiqSDjRUHCkY7Q8G/UZpISzfuGYCKZuRWRLpaYaJPOxBY/HNgmFHc6gllSPSi4h4XilZMvncEYWdiBXdgHF46gBJdQhgoQ6MADPMKTdW89W6/W27g1Y/3ObMMErPcfjXyXXA==</latexit>

F 4

<latexit sha1_base64="vu5hNeajOKH/Ktfk1isf3bCUkOQ=">AAACEXicbZC7SgNBFIZn4y3G26qFis1gEKzCbhBNGbSxERIwF8guy+xkNhkys7vMzAphiS/hK9hqbye2NrbaCFY+hpNLYRJ/GPj5zzmcM58fMyqVZX0YmYXFpeWV7GpubX1jc8vc3qnLKBGY1HDEItH0kSSMhqSmqGKkGQuCuM9Iw+9dDuuNWyIkjcIb1Y+Jy1EnpAHFSOnIM/edNmEKQScQCMPqNXQk5bDjFT0zbxWskeC8sScmXy59ve99/hxUPPPbaUc44SRUmCEpW7YVKzdFQlHMyCDnJJLECPdQh7S0DREn0k1HPxjAY520YRAJ/UIFR+nfiRRxKfvc150cqa6crQ3D/2qtRAUlN6VhnCgS4vGiIGFQRXCIA7apIFixvjYIC6pvhbiLNAuloU1t8fkgp6HYswjmTb1YsM8Kp1VN5wKMlQWH4AicABucgzK4AhVQAxjcgQfwCJ6Me+PZeDFex60ZYzKzC6ZkvP0CFhigeA==</latexit>

�
Q

M
⇠ g2

In general, we cannot use 
dispersive bounds to 
conclude that large BH 
saHsfy WGC

[Kats, Motl, Padi]

“ ”

(See [Cheung, Liu, Remmen] and 
[Hamada, Noumi  Shiu] for other 
discussions) 

  



Can we quantify no global symmetries?

• We can write sum rules for coefficients that break symmetry

e.g. Leading gravitaHonal Z2 symmetry breaking
<latexit sha1_base64="McIwmjAFijLeFXhFoWSgfmDAVjI=">AAACAHicbVC7SgNBFL3rM8ZX1FKRwSBYhd0gahm0sUzEPCRZw+xkNhkys7vMzAphSSP4Bbba24ld8E9sbf0JJ4/CJB64cDjnXu69x4s4U9q2v6yFxaXlldXUWnp9Y3NrO7OzW1FhLAktk5CHsuZhRTkLaFkzzWktkhQLj9Oq170a+tUHKhULg1vdi6grcDtgPiNYG+mu3Yg6DN3c55uZrJ2zR0DzxJmQbOFgUPp5OhwUm5nvRisksaCBJhwrVXfsSLsJlpoRTvvpRqxohEkXt2nd0AALqtxkdHAfHRulhfxQmgo0Gql/JxIslOoJz3QKrDtq1huK/3n1WPsXbsKCKNY0IONFfsyRDtHwe9RikhLNe4ZgIpm5FZEOlphok9HUFk/00yYUZzaCeVLJ55yz3GnJpHMJY6RgH47gBBw4hwJcQxHKQEDAM7zAq/VovVnv1se4dcGazOzBFKzPX3zWmjA=</latexit>

g�R2

<latexit sha1_base64="QMhQajwBYO2OSOzDzTWJTawwP3Q="></latexit>
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*
|c++
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J,m2 |2

m6

+

Can we prove that RHS is necessarily non-zero? BH contribuHon?

• Unlikely, since we cannot exclude the possibility that the symmetry is 
gauged by looking at EFT amplitudes



Can we quantify no global symmetries?

• What about conHnues symmetries, for which we have a gauge field

• Invisible, since dispersion relaHons require at least two subtracHons

# q

p1 � q/2 p1 + q/2

p2 + q/2 p2 � q/2

<latexit sha1_base64="KiLUuiOVOO8qNkkb5vCwfikfQ+4=">AAACD3icbZC7SgNBFIZn4y3G26qgiM1gEKzCroimDNrYCBHMBbJLmJ3MJkNmZpeZWSGseQhfwVZ7O7G1s9VGsPIxnFwKk/jDgZ//nMM5fEHMqNKO82Fl5uYXFpeyy7mV1bX1DXtzq6qiRGJSwRGLZD1AijAqSEVTzUg9lgTxgJFa0L0Y9Gu3RCoaiRvdi4nPUVvQkGKkTdS0d1IPIwav+tBTlEMvlAhDpZt23ik4Q8FZ445NvlT8et/9/NkrN+1vrxXhhBOhMUNKNVwn1n6KpKaYkX7OSxSJEe6iNmkYKxAnyk+H//fhoUlaMIykKaHhMP27kSKuVI8HZpIj3VHTvUH4X6+R6LDop1TEiSYCjw6FCYM6ggMYsEUlwZr1jEFYUvMrxB1kEGiDbOJKwPs5A8WdRjBrqscF97Rwcm3onIORsmAfHIAj4IIzUAKXoAwqAIM78AAewZN1bz1bL9braDRjjXe2wYSst19RGaAg</latexit>

M ⇠ s

t

<latexit sha1_base64="B91RinAshz0skgBXfdRSXGhR0ww="></latexit>

lim
|s|!1

M/|s|2 = 0

<latexit sha1_base64="gLlv4iXY6alP1UAbqnbqlsN98RY="></latexit>

Bk =

I
ds

s1+k
M = 0 8k � 2

• We would need singly-subtracted 
dispersion relaHons

<latexit sha1_base64="KJuV8S/kC+wC4gLAZ4PNChMHhIQ="></latexit>

B1 =

I
ds

s2
M = c1 ?



Strong form of WGC/RFC?
• There is a very special singly subtracted 

dispersion relaHon, which extracts 
amplitude at threshold

<latexit sha1_base64="aWsXhNPctx1rVt0UluljQz8v5O8="></latexit>

B0
1 =

I
dsM(s, t)

s(s� (m1 +m2)2)

• At low energies this is precisely the RFC combinaHon
<latexit sha1_base64="OZmsd45P8C2mPxp7y8HqDbscdY0="></latexit>
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pl

!
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(also works with scalars)

• However, we are free to choose any charges, which naively don’t 
affect high-energy part of the sum rule.

• Also we can always turn of the electromagneHc coupling, so first 
need to aEack no global symmetries



Strong form of WGC/RFC?

•SHll, if we assume RFC we have an interesHng sum rule

•Q for you: Is there anything universal about the boundary 
term in string theory?

<latexit sha1_base64="l2vsVKHzN5LT/7ZQTFvQEzWoefE="></latexit>
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Z 1
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ds ImM(s, t)

s(s� (m1 +m2)2)
+ c1

with posiHve dominant terms for small t.

<latexit sha1_base64="lYcbgBqUae9YG4t/Q4w/axfv6I4="></latexit>

c1 =

I

|s|=1

dsM(s, t)

s(s� (m1 +m2)2)



Rank conjectures? Bounds on CY data?
• Absolute upper bounds could connect to rank conjectures, bound 

number of CYs?

• Non-rigorous absolute upper bounds 
(primal bootstrap)

<latexit sha1_base64="VTe/HLvKNLGBEa2j6JK52sNANIA=">AAACBHicbVC7SgNBFJ2NrxhfUcHGZjAINobdINEyREHLBMwDkiXMTm6SITO7m5lZISxp/QVb7bUSWyt/wsbCL3GSWJjEAxcO59zLuRwv5Exp2/60EkvLK6tryfXUxubW9k56d6+qgkhSqNCAB7LuEQWc+VDRTHOohxKI8DjUvP7l2K/dgVQs8G/1MARXkK7POowSbSRXtq5xk8MA5/KnV610xs7aE+BF4vySTOGg/MVeih+lVvq72Q5oJMDXlBOlGo4dajcmUjPKYZRqRgpCQvukCw1DfSJAufHk6RE+NkobdwJpxtd4ov69iIlQaig8symI7ql5byz+5zUi3blwY+aHkQafToM6Ecc6wOMGcJtJoJoPDSFUMvMrpj0iCdWmp5kUT4xSphRnvoJFUs1lnXz2rGzaKaIpkugQHaET5KBzVEA3qIQqiKIBekCP6Mm6t56tV+ttupqwfm/20Qys9x9LTJsX</latexit>

rG  26�D

• Q for you: Can one phrase rank conjecture 
as upper bound on raHo of Wilson 
coefficients in SUGRA EFT?

e.g.

• We can only bound raHos of Wilson 
coefficients

<latexit sha1_base64="msSRhamRLnVOtm02s+gyOHwCs0c=">AAAB+nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7xwSOBlcwOszBhZnYzM2tCVj7Bq969Ga/+jFe/xAH2IGAlnVSqutPdFcScaeO6305uZXVtfSO/Wdja3tndK+4fNHSUKELrJOKRagVYU84krRtmOG3FimIRcNoMhtcTv/lElWaRfDCjmPoC9yULGcHGSvd3j5VuseSW3SnQMvEyUoIMtW7xp9OLSCKoNIRjrdueGxs/xcowwum40Ek0jTEZ4j5tWyqxoNpPp6eO0YlVeiiMlC1p0FT9O5FiofVIBLZTYDPQi95E/M9rJya89FMm48RQSWaLwoQjE6HJ36jHFCWGjyzBRDF7KyIDrDAxNp25LYEYF2wo3mIEy6RxVvbOy5XbSql6lcWThyM4hlPw4AKqcAM1qAOBPrzAK7w5z8678+F8zlpzTjZzCHNwvn4BDO2UKw==</latexit>

R4 D=10 Maximal SUSY

[Guerrieri, Penedones, Vieira]



Bonus: Amplitudes and moduli 
spaces of vacua



Summary
• We can prove that Einstein gravity is the only opHon at low 

energies with a gap. ExpectaHon from EFT, but with O(1) 
coefficients fixed.

• Some of the tradiHonal suggesHons for connecHng dispersion 
relaHons and the swampland are now understood to not work in 
general (e.g. extremality shiO)

• Understanding the gap between the “boEom up” swampland and 
the “top down” swampland seems a worthwhile exercise

• There sHll seems to be a gap between what we can do today and 
the goals of the swampland community. Perfect reason to 
conHnue our conversaHons :)



Thank you!



• Amplitudes defined by expanding around VEV

Geometry of amplitudes
<latexit sha1_base64="kYaD8ZI56WM6aKdjCM8Agg2y/Vo="></latexit>

�I = vI + �I

• Do not depend on field basis

<latexit sha1_base64="1zfMA4+hJvgVYrN27S+Tn5rQZe4="></latexit>

hpi|�J(x)|0i = eiJ(v)eip·x

• States are secHons of a the tangent bundle over the space of vacua. 
Amplitudes also live on the tangent space. 

but on a choice of frame

<latexit sha1_base64="GuGUy2lBzZ+1WBoexgDdw9mFzyY=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoCGVGirosunFZwT6gM5RMmumEZpIhySil9Bf8CX/Bre7diTtx55eYTmdhWw8EDuecy705QcKo0o7zZRVWVtfWN4qbpa3tnd09e/+gpUQqMWliwYTsBEgRRjlpaqoZ6SSSoDhgpB0Mb6Z++4FIRQW/16OE+DEacBpSjLSRenbFSyIKPUkHkUZSikeYCWfQI4miTHAYZpHTnl12qk4GuEzcnJRBjkbP/vH6Aqcx4RozpFTXdRLtj5HUFDMyKXmpIgnCQzQgXUM5ionyx9mPJvDEKH0YCmke1zBT/06MUazUKA5MMkY6UoveVPzP66Y6vPLHlCepJhzPFoUpg1rAaT2wTyXBmo0MQVhScyvEEZIIa1Pi3JYgnpRMKe5iBcukdV51L6q1u1q5fp3XUwRH4BhUgAsuQR3cggZoAgyewAt4BW/Ws/VufVifs2jBymcOwRys71879qM+</latexit>

� ! �+ ✏f(�)
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<latexit sha1_base64="NpjkYqOIadGsEV6PYelZ37vjap8=">AAACEnicbVDJSgNBEO2JW4xb1JN4aQyCIIaZENRj0IvHCGaBZBJ6ejpJk97o7hFCCP6Ev+BV797Eqz/g1S+xsxxM4oOCx3tVVNWLFKPG+v63l1pZXVvfSG9mtrZ3dvey+wdVIxONSQVLJnU9QoYwKkjFUstIXWmCeMRILerfjv3aI9GGSvFgB4qEHHUF7VCMrJPa2aOm0lJZCVWrcAF5qwDPYRPH0pp2Nufn/QngMglmJAdmKLezP81Y4oQTYTFDxjQCX9lwiLSlmJFRppkYohDuoy5pOCoQJyYcTl4YwVOnxLAjtSth4UT9OzFE3JgBj1wnR7ZnFr2x+J/XSGznOhxSoRJLBJ4u6iQMupfHecCYaoItGziCsKbuVoh7SCNsXWpzWyI+yrhQgsUIlkm1kA8u88X7Yq50M4snDY7BCTgDAbgCJXAHyqACMHgCL+AVvHnP3rv34X1OW1PebOYQzMH7+gXQ1Zyi</latexit>

/ p2 �m2 + · · ·

equaHons of moHon

<latexit sha1_base64="CmgU/Pxo+GZ8mZEaHvp4M8VzFOk="></latexit>v

<latexit sha1_base64="CoUQc8i99o4j3tMO/ncQApQGA7g="></latexit>

e1<latexit sha1_base64="kCRzONbToxLj7xWPJS3j00dXL6k="></latexit>

e2

[Cheung, Helset, JPM]

• Q for you: Is there any interesHng behavior at infinite distance for 
quanHHes that live on the tangent space?



Some amplitudes

• Examples:
<latexit sha1_base64="VyoQ58PNckFro5jIDtr1tVobNWc="></latexit>
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• Must be a funcHon of geometric invariants! e.g. curvature of 
moduli space

<latexit sha1_base64="Zgu1P/WmRV/6U3FOaFTSqU6kbjU="></latexit>

rmRijkl(v)
<latexit sha1_base64="EA0LuKCzmYN3dN6P2zz4B6S7S6I="></latexit>

Rijkl(v)

[Volkov; Dixon, Kaplunovsky, Louis]

[Cheung, Helset, JPM]



Soft scalar theorem
• New soO theorem, intuiHon:

• Downg the i’s etc

<latexit sha1_base64="Jju3eKTAUfqEgpBwFZvmw6F9yfc="></latexit>
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“on-shell connecHon”“DerivaHve w.r.t VEV”

<latexit sha1_base64="+V6b849NxwvepCdQ2Mwi1nM1ynM=">AAAB/XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxjKC+YDkCHObvWTN3t6xuyeEEPwLttrbia2/xdZf4ia5wiQ+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKHjVFFWp7GIVStAzQSXrG64EayVKIZRIFgzGN5O/eYTU5rH8sGMEuZH2Jc85BSNlRodiYHAbrHklt0ZyCrxMlKCDLVu8afTi2kaMWmoQK3bnpsYf4zKcCrYpNBJNUuQDrHP2pZKjJj2x7NrJ+TMKj0SxsqWNGSm/p0YY6T1KApsZ4RmoJe9qfif105NeO2PuUxSwySdLwpTQUxMpq+THleMGjGyBKni9lZCB6iQGhvQwpYgmhRsKN5yBKukcVH2LsuV+0qpepPFk4cTOIVz8OAKqnAHNagDhUd4gVd4c56dd+fD+Zy35pxs5hgW4Hz9As8Glb8=</latexit>r =

[Cheung, Helset, JPM]

• Works with coupling to other maEer (fermions, gauge fields, …)
[Cheung, Derda, Helset, JPM, to appear]



Infinitesimal vs. finite vs. infinite distance

• (mulH)SoO limits lets us move 
around moduli space 

Zeno’s paradox

• However, even to move a finite distance 
we need amplitudes with infinitely many 

• Perhaps species scales can be Hed 
to scale of breaking of unitarity 

<latexit sha1_base64="0/MCcviyl/czQgyfU4b8OcdDPh0="></latexit>

ImM2!2 ⇠
X

n

|M2!n|2 < 1

• DisHncHon between finite and infinite 
distance non-obvious 



Summary
• We can prove that Einstein gravity is the only opHon at low 

energies with a gap. ExpectaHon from EFT, but with O(1) 
coefficients fixed.

• Some of the tradiHonal suggesHons for connecHng dispersion 
relaHons and the swampland are now understood to not work in 
general (e.g. extremality shiO)

• Understanding the gap between the “boEom up” swampland and 
the “top down” swampland seems a worthwhile excercise

• There sHll seems to be a gap between what we can do today and 
the goals of the swampland community. Perfect reason to 
conHnue our conversaHons :)



Thank you!


