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Foreword

• AI is more powerful than ever. 

• Numerical conformal bootstrap is one of the sharpest 
tools for CFT, but each incremental progress involves a 
lot of work which can hopefully be made easier with AI. 

• It’s an ongoing study - I’ll show how it’s motivated, 
designed, and where we are.



Physical world as RG flows between CFTs
• QFTs are RG flows between CFTs. 

• This is a non-perturbative definition of QFTs 
that hopefully helps us understand the 
material world.

UV IR
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We’re here
<latexit sha1_base64="b4k8Lgk3lt7TvqG4luHMr8zRNWw="></latexit>

S = SCFT + g

∫
ddxOrel(x)



What is our program?

• Step 1 - Solve the CFT. 

• Step 2 - Solve the QFT. 

• Go to bed.
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What is our program?

• Step 1 - Solve the CFT. 

• Step 2 - Solve the QFT.

• Conformal bootstrap, simulation…

<latexit sha1_base64="/XeriZcSS514yR15L3V2u2u16cQ="></latexit>

O1O2 =
∑

i

ω12iBi(x12, ε)Oi

<latexit sha1_base64="usWShlDWfsDu1H5bsGo0BQIhXcw=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSlJ8LYtuXFawD2himUxu2qGTSZyZFEron7hxoYhb/8Sdf+O0zUJbDwwczjmXe+cEKWdKO863tbK6tr6xWdoqb+/s7u3bB4ctlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvp357BFKxRDzocQp+TPqCRYwSbaSebXvchEPyWMNeH56w07MrTtWZAS8TtyAVVKDRs7+8MKFZDEJTTpTquk6q/ZxIzSiHSdnLFKSEDkkfuoYKEoPy89nlE3xqlBBHiTRPaDxTf0/kJFZqHAcmGRM9UIveVPzP62Y6uvZzJtJMg6DzRVHGsU7wtAYcMglU87EhhEpmbsV0QCSh2pRVNiW4i19eJq1a1b2sXtyfV+o3RR0ldIxO0Bly0RWqozvUQE1E0Qg9o1f0ZuXWi/VufcyjK1Yxc4T+wPr8ARgbkqs=</latexit>

ω2 → 0

Crossing:

Positivity:

<latexit sha1_base64="oucttjH8RLaQcZlM2u58FCb7vMo="></latexit>

→O1O2O3O4↑ =
∑

i

ω12iω34iG
1234
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Constraints on Δi, λ12i

<latexit sha1_base64="Nwzu2WT2Ep9dGNKaYN5S4nenvLw=">AAACenicrVHLSgMxFM2Mr1pfoy5FCC2+EMpMLdWNUHTjzgr2AZ0yZNJMG5rJDElGKEM/wl9z55e4cWGmnYVtXXohcM659yQ39/oxo1LZ9qdhrq1vbG4Vtos7u3v7B9bhUVtGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/vgxy3feiJA04q9qEpN+iIacBhQjpSXPencZ4kNGoBsiNcKIpc9Tz1lg1QV2s8Bq0BVz/z38p5s8q2xX7FnAVeDkoAzyaHrWhzuIcBISrjBDUvYcO1b9FAlFMSPToptIEiM8RkPS05CjkMh+OhvdFJ5pZQCDSOjDFZypvx0pCqWchL6uzJqVy7lM/CvXS1Rw108pjxNFOJ4/FCQMqghme4ADKghWbKIBwoLqXiEeIYGw0tsq6iE4y19eBe1qxalX6i+1cuMhH0cBnIASuAQOuAUN8ASaoAUw+DJOjXPjwvg2S+aVeT0vNY3ccwwWwqz9AARHwOA=</latexit>

→O1O2O3O4↑ = →O1O2O3O4↑



What is our program?

• Step 1 - Solve the CFT. 

• Step 2 - Solve the QFT.
<latexit sha1_base64="b4k8Lgk3lt7TvqG4luHMr8zRNWw="></latexit>

S = SCFT + g

∫
ddxOrel(x)

Obtained arbitrarily many {  }Δi, λ12i

<latexit sha1_base64="ZmrwNvZ1xz978M6/zXzD+OTt5LY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJREpHoRCgXpsUq/oA1ls920S3eTsLsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzDw/5kxpx/m2VlbX1jc2c1v57Z3dvX374LCpokQS2iARj2Tbx4pyFtKGZprTdiwpFj6nLX9UmfqtRyoVi8K6HsfUE3gQsoARrI3Us4+r6BZVe2lXClS5q0/QBRqgZs8uOEVnBrRM3IwUIEOtZ391+xFJBA014VipjuvE2kux1IxwOsl3E0VjTEZ4QDuGhlhQ5aWz8yfozCh9FETSVKjRTP09kWKh1Fj4plNgPVSL3lT8z+skOrjxUhbGiaYhmS8KEo50hKZZoD6TlGg+NgQTycytiAyxxESbxPImBHfx5WXSvCy6pWLp/qpQfsjiyMEJnMI5uHANZahCDRpAIIVneIU368l6sd6tj3nripXNHMEfWJ8/vkGTfA==</latexit>

H = HCFT + gV

<latexit sha1_base64="JdSnbdgwsOZSHN6U46+G9104/HE="></latexit>

→Oi|H|Oj↑ = →Oi|HCFT|Oj↑+ g→Oi|V |Oj↑

Radial Quantization

<latexit sha1_base64="7z93WYpGNlgBxRm5FX1R5FopZUI=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4KokItVlURcuK9gLNCFMJpN27OTCzIlQQ/FV3LhQxK3v4c63cZp2oa0/DHz85xzOmd9PBVdgWd9GaWl5ZXWtvF7Z2Nza3jF399oqySRlLZqIRHZ9opjgMWsBB8G6qWQk8gXr+MOrSb3zwKTiSXwHo5S5EenHPOSUgLY888AJmADi5fx+jJ3rgrlnVq2aVQgvgj2DKpqp6ZlfTpDQLGIxUEGU6tlWCm5OJHAq2LjiZIqlhA5Jn/U0xiRiys2L68f4WDsBDhOpXwy4cH9P5CRSahT5ujMiMFDztYn5X62XQXjh5jxOM2AxnS4KM4EhwZMocMAloyBGGgiVXN+K6YBIQkEHVtEh2PNfXoT2ac2u1+q3Z9XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99EfG5w9xppU8</latexit>

ωij!i

<latexit sha1_base64="PoN5atS9jRU4hyEKeNbdQjpu8YI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCpBqDBWsLBRJPqQmihyHKc1dZzIdpCqKD/Awq+wMIAQKzsbf4PTZoDCkSwdnXOufO/xE0alsqwvo7KwuLS8Ul2tra1vbG6Z2ztdGacCkw6OWSz6PpKEUU46iipG+okgKPIZ6fnjy8Lv3RMhacxv1SQhboSGnIYUI6UlzzxwmA4HyMsovDuGToTUCCOWXXuZIyIoCMvz3DPrVsOaAv4ldknqoETbMz+dIMZpRLjCDEk5sK1EuRkSimJG8pqTSpIgPEZDMtCUo4hIN5tek8NDrQQwjIV+XMGp+nMiQ5GUk8jXyWJbOe8V4n/eIFXhuZtRnqSKcDz7KEwZVDEsqoEBFQQrNtEEYUH1rhCPkEBY6QJrugR7/uS/pHvSsJuN5s1pvXVR1lEFe2AfHAEbnIEWuAJt0AEYPIAn8AJejUfj2Xgz3mfRilHO7IJfMD6+AYeRm+M=</latexit>

ωij,Orel

“Truncated Conformal Space Approach”

<latexit sha1_base64="/XNGFhzPhAFukjDyRs3Rt7g39j0=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSQi1YtQFKHHCvYD2hA222m7dLMJuxuhxB69+Fe8eFDEqz/Bm//GbZtDbX0w8Hhvhpl5QcyZ0o7zYy0tr6yurec28ptb2zu79t5+XUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaASDm7HfeACpWCTu9TAGLyQ9wbqMEm0k3z6q4EcscFsS0eOAr/CtL2YV3y44RWcCvEjcjBRQhqpvf7c7EU1CEJpyolTLdWLtpURqRjmM8u1EQUzogPSgZaggISgvnTwywidG6eBuJE0JjSfq7ERKQqWGYWA6Q6L7at4bi/95rUR3L72UiTjRIOh0UTfhWEd4nAruMAlU86EhhEpmbsW0TySh2mSXNyG48y8vkvpZ0S0VS3fnhfJ1FkcOHaJjdIpcdIHKqIKqqIYoekIv6A29W8/Wq/VhfU5bl6xs5gD9gfX1C90BmAE=</latexit>

H|n→ = En|n→
2d: Yurov, Zamolodchikov `90, `91 
    + many more 
d>2: Hogevorst, Rychkov, van Rees `14 
    Elias-Miro, Hardy, `20 
    Others..



What is our program?

• Step 1 - Solve the CFT. 

• Step 2 - Solve the QFT.
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<latexit sha1_base64="ZmrwNvZ1xz978M6/zXzD+OTt5LY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJREpHoRCgXpsUq/oA1ls920S3eTsLsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzDw/5kxpx/m2VlbX1jc2c1v57Z3dvX374LCpokQS2iARj2Tbx4pyFtKGZprTdiwpFj6nLX9UmfqtRyoVi8K6HsfUE3gQsoARrI3Us4+r6BZVe2lXClS5q0/QBRqgZs8uOEVnBrRM3IwUIEOtZ391+xFJBA014VipjuvE2kux1IxwOsl3E0VjTEZ4QDuGhlhQ5aWz8yfozCh9FETSVKjRTP09kWKh1Fj4plNgPVSL3lT8z+skOrjxUhbGiaYhmS8KEo50hKZZoD6TlGg+NgQTycytiAyxxESbxPImBHfx5WXSvCy6pWLp/qpQfsjiyMEJnMI5uHANZahCDRpAIIVneIU368l6sd6tj3nripXNHMEfWJ8/vkGTfA==</latexit>

H = HCFT + gV

<latexit sha1_base64="JdSnbdgwsOZSHN6U46+G9104/HE="></latexit>

→Oi|H|Oj↑ = →Oi|HCFT|Oj↑+ g→Oi|V |Oj↑

Radial Quantization

<latexit sha1_base64="7z93WYpGNlgBxRm5FX1R5FopZUI=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaL4KokItVlURcuK9gLNCFMJpN27OTCzIlQQ/FV3LhQxK3v4c63cZp2oa0/DHz85xzOmd9PBVdgWd9GaWl5ZXWtvF7Z2Nza3jF399oqySRlLZqIRHZ9opjgMWsBB8G6qWQk8gXr+MOrSb3zwKTiSXwHo5S5EenHPOSUgLY888AJmADi5fx+jJ3rgrlnVq2aVQgvgj2DKpqp6ZlfTpDQLGIxUEGU6tlWCm5OJHAq2LjiZIqlhA5Jn/U0xiRiys2L68f4WDsBDhOpXwy4cH9P5CRSahT5ujMiMFDztYn5X62XQXjh5jxOM2AxnS4KM4EhwZMocMAloyBGGgiVXN+K6YBIQkEHVtEh2PNfXoT2ac2u1+q3Z9XG5SyOMjpER+gE2egcNdANaqIWougRPaNX9GY8GS/Gu/ExbS0Zs5l99EfG5w9xppU8</latexit>

ωij!i

<latexit sha1_base64="PoN5atS9jRU4hyEKeNbdQjpu8YI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxoCpBqDBWsLBRJPqQmihyHKc1dZzIdpCqKD/Awq+wMIAQKzsbf4PTZoDCkSwdnXOufO/xE0alsqwvo7KwuLS8Ul2tra1vbG6Z2ztdGacCkw6OWSz6PpKEUU46iipG+okgKPIZ6fnjy8Lv3RMhacxv1SQhboSGnIYUI6UlzzxwmA4HyMsovDuGToTUCCOWXXuZIyIoCMvz3DPrVsOaAv4ldknqoETbMz+dIMZpRLjCDEk5sK1EuRkSimJG8pqTSpIgPEZDMtCUo4hIN5tek8NDrQQwjIV+XMGp+nMiQ5GUk8jXyWJbOe8V4n/eIFXhuZtRnqSKcDz7KEwZVDEsqoEBFQQrNtEEYUH1rhCPkEBY6QJrugR7/uS/pHvSsJuN5s1pvXVR1lEFe2AfHAEbnIEWuAJt0AEYPIAn8AJejUfj2Xgz3mfRilHO7IJfMD6+AYeRm+M=</latexit>

ωij,Orel

“Truncated Conformal Space Approach”

<latexit sha1_base64="/XNGFhzPhAFukjDyRs3Rt7g39j0=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSQi1YtQFKHHCvYD2hA222m7dLMJuxuhxB69+Fe8eFDEqz/Bm//GbZtDbX0w8Hhvhpl5QcyZ0o7zYy0tr6yurec28ptb2zu79t5+XUWJpFCjEY9kMyAKOBNQ00xzaMYSSBhwaASDm7HfeACpWCTu9TAGLyQ9wbqMEm0k3z6q4EcscFsS0eOAr/CtL2YV3y44RWcCvEjcjBRQhqpvf7c7EU1CEJpyolTLdWLtpURqRjmM8u1EQUzogPSgZaggISgvnTwywidG6eBuJE0JjSfq7ERKQqWGYWA6Q6L7at4bi/95rUR3L72UiTjRIOh0UTfhWEd4nAruMAlU86EhhEpmbsW0TySh2mSXNyG48y8vkvpZ0S0VS3fnhfJ1FkcOHaJjdIpcdIHKqIKqqIYoekIv6A29W8/Wq/VhfU5bl6xs5gD9gfX1C90BmAE=</latexit>

H|n→ = En|n→
2d: Yurov, Zamolodchikov `90, `91 
    + many more 
d>2: Hogevorst, Rychkov, van Rees `14 
    Elias-Miro, Hardy, `20 
    Others..

Beyond the scope of this project. 

But we’ll discuss what it requires 

from the bootstrap.



An example fully worked out - 2D Ising Field

• CFT side: • QFT side:

-dimensional Virasoro Algebra ∞ Lm
<latexit sha1_base64="7LdqAiU1nCtJeLERLp44NC+n7FU="></latexit>

[Ln, Lm] = (n→m)Ln+m +
c

12
(n3 → n)ωn+m,0

Positivity of gram matrix
<latexit sha1_base64="EpwLQJdEZyKqgdlm+H+LrMADxxQ=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2AR3FhmRKrLohsXKhXsBTqlZNLTNjSTGZOMUKZ9Eze+ihsXioi7vo2ZtgttPRD4+P9zODm/H3GmtOOMrczS8srqWnY9t7G5tb1j7+5VVRhLChUa8lDWfaKAMwEVzTSHeiSBBD6Hmt+/Sv3aE0jFQvGgBxE0A9IVrMMo0UZq2UWPE9HlgHt4iG9aiZfceqPRlE7uUhway5PTJk/FlMIjdlp23ik4k8KL4M4gj2ZVbtnfXjukcQBCU06UarhOpJsJkZpRDqOcFyuICO2TLjQMChKAaiaT+0b4yCht3AmleULjifp7IiGBUoPAN50B0T0176Xif14j1p2LZsJEFGsQdLqoE3OsQ5yGhdtMAtV8YIBQycxfMe0RSag2keZMCO78yYtQPS24xULx/ixfupzFkUUH6BAdIxedoxK6RmVUQRQ9o1f0jj6sF+vN+rS+pq0Zazazj/6UNf4BOXyh3A==</latexit>

→h|L{M}L{→N}|h↑ ↓ 0

Has exact solution for c = 1/2
<latexit sha1_base64="Yf+G5u0LTT3CreOHfiJlHTcBUOg=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgED6UkIrUXoagHjxVsKzShbLaTdunmg92NUELAi3/FiwdFvPonvPlv3LY5aOuDgcd7M8zM82LOpLKsb6OwtLyyulZcL21sbm3vmLt7bRklgkKLRjwS9x6RwFkILcUUh/tYAAk8Dh1vdDXxOw8gJIvCOzWOwQ3IIGQ+o0RpqWceONfAFcEX2KpgxxeEpnaW1rMKtntm2apaU+BFYuekjHI0e+aX049oEkCoKCdSdm0rVm5KhGKUQ1ZyEgkxoSMygK6mIQlAuun0hwwfa6WP/UjoChWeqr8nUhJIOQ483RkQNZTz3kT8z+smyq+7KQvjREFIZ4v8hGMV4UkguM8EUMXHmhAqmL4V0yHRQSgdW0mHYM+/vEjap1W7Vq3dnpUbl3kcRXSIjtAJstE5aqAb1EQtRNEjekav6M14Ml6Md+Nj1low8pl99AfG5w/kFJXH</latexit>

! = 0,
1

8
, 1 + descendants

Yurov, Zamolodchikov `90, `91 

<latexit sha1_base64="G/5KTyyCuhxi27Z/LEx25kICUwo="></latexit>

HIFT =
1

2ω

(
HCFT +

∫
dx mε(x) + gϑ(x)

)
Belavin, Polyakov, Zamolodchikov `84 
Or any standard CFT textbook
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! = 0,
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8
, 1 + descendants

Yurov, Zamolodchikov `90, `91 

<latexit sha1_base64="2Nq9b1juFfKgMLjkNnAQIrFkkoM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiaitRuh6MZlBfuAJpbJdNIOnZmEmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TxIwq7Tjf1sLi0vLKamGtuL6xubVt7+w2VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqG12O/9UCkopG406OY+Bz1BQ0pRtpIXXvfIxrBS+iFEuGUZ2n/Pq2euOdZ1rVLTtmZAM4TNyclkKPetb+8XoQTToTGDCnVcZ1Y+ymSmmJGsqKXKBIjPER90jFUIE6Un05eyOCRUXowjKQpoeFE/T2RIq7UiAemkyM9ULPeWPzP6yQ6rPopFXGiicDTRWHCoI7gOA/Yo5JgzUaGICypuRXiATJhaJNa0YTgzr48T5qnZbdSrtyelWpXeRwFcAAOwTFwwQWogRtQBw2AwSN4Bq/gzXqyXqx362PaumDlM3vgD6zPHx48lqI=</latexit>

ω =
m

g8/15

Fonseca, Zamolodchikov `01 

Belavin, Polyakov, Zamolodchikov `84 
Or any standard CFT textbook

<latexit sha1_base64="G/5KTyyCuhxi27Z/LEx25kICUwo="></latexit>

HIFT =
1

2ω

(
HCFT +

∫
dx mε(x) + gϑ(x)

)



Challenges

• Many theories 

• A lot of CFT data



Challenges

• Many theories - we’d like to isolate more theories
3D theories with  symmetry: 
seem nothing is happening for 
larger 

ℤ2

Δσ

State-of-art technology shows 
there are much more interesting  
structures

Ghosh, Zheng `26  Kos, Poland, Simmons-Duffin `14 



Challenges

• Many theories - we’d like to isolate more theories

A “universal” map of the entire 3D 
CFT landscape from stress tensor 
bootstrap .  

OPE coefficient upper bound reveal 
many interesting structures,

⟨TTTT⟩

Erramilli, Mitchel `26  



Challenges

• A lot of CFT data

State-of-art bootstrap bound of 3D Ising model is a size-  island. 

In terms of CFT data, these are the only parameters that are bounded:

10−10

What about e.g.  ?λϵ′￼ϵϵ′￼

Chang, Dommes, Erramilli, Homrich, Kravchuk, Liu, Mitchell, Poland, Simmons-Duffin, `24



Challenges

• A lot of CFT data: 

• We see that the data required from the QFT side is ,  

• meaning in general both  and  can go to higher dimension. 

• Standard  mixing allows only 1 operator in OPE coefficient to get heavy. 

• We will need to add  into the mixed bootstrap study. 

• What would be the best strategy for this? Is there any measurement of how far we 
can go? It will require a lot of experiments.

λij,𝒪rel

i j

σ, ϵ

ϵ′￼

<latexit sha1_base64="ZmrwNvZ1xz978M6/zXzD+OTt5LY=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCIJREpHoRCgXpsUq/oA1ls920S3eTsLsRSij4V7x4UMSrv8Ob/8Ztm4O2Phh4vDfDzDw/5kxpx/m2VlbX1jc2c1v57Z3dvX374LCpokQS2iARj2Tbx4pyFtKGZprTdiwpFj6nLX9UmfqtRyoVi8K6HsfUE3gQsoARrI3Us4+r6BZVe2lXClS5q0/QBRqgZs8uOEVnBrRM3IwUIEOtZ391+xFJBA014VipjuvE2kux1IxwOsl3E0VjTEZ4QDuGhlhQ5aWz8yfozCh9FETSVKjRTP09kWKh1Fj4plNgPVSL3lT8z+skOrjxUhbGiaYhmS8KEo50hKZZoD6TlGg+NgQTycytiAyxxESbxPImBHfx5WXSvCy6pWLp/qpQfsjiyMEJnMI5uHANZahCDRpAIIVneIU368l6sd6tj3nripXNHMEfWJ8/vkGTfA==</latexit>

H = HCFT + gV

<latexit sha1_base64="JdSnbdgwsOZSHN6U46+G9104/HE="></latexit>

→Oi|H|Oj↑ = →Oi|HCFT|Oj↑+ g→Oi|V |Oj↑



From simulation, but not bootstrap

Synthesized Fuzzy Sphere Data

Fitzpatrick, Katz, Fardelli, `26

3D Ising CFT 3D Ising Field Theory

Fitzpatrick, Katz, Fardelli, YX,  to appear

<latexit sha1_base64="3EtNtzFpxZfEJZaqOnW8hHevVD0="></latexit>

HIFT = HCFT +

∫

sphere
d
2
x hω(x)



An “AlphaFold” for numerical bootstrap?
• Possible - through “extremal functional method” 

• Additional challenge from the precise data. 

• The numerical bootstrap solutions need to be 
almost exactly correct in order to provide a 
useful certified bound. 

• Many spurious structures show up making it 
impossible to fit.
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Toward an AI-assisted bootstrap scheme
• It has been hard to come up with a good 
fit of bootstrap solutions. 

• LLM gives a new hope: instead of fitting 
data, we just directly let AI learn how to 
use the numerical bootstrap tools. 

• There are established programs that 
cover every phase of conformal bootstrap 
study, but it is a challenge for everyone 
who learn them from scratch.



Toward an AI-assisted bootstrap scheme
• Take minimal steps. 

• Goal: compute the unknown OPE coefficient  
 and  with low-order bootstrap setups. 

• A full-blown setup will include all possible 
combination of the 3 external operators  
,  and .  

• A simplified setup is between  and .  

• Before trying anything new, we will see if we can 
reproduce the old  and  result, and use that to 
verify the conformal block normalization.

λϵ′￼ϵ′￼ϵ λϵ′￼ϵ′￼ϵ′￼

σ ϵ ϵ′￼

σ ϵ′￼

σ ϵ

Chang, et al, `24

Reehorst, `21



On the learning curve of bootstrap

<latexit sha1_base64="FIuvQWPTLui0AR7HJyberYJjAA8=">AAACenicfVFLS8NAEN7EV62vqkcRlhZfCCVp6+MiFL14s4J9QBPKZrtpl242YXcjlNAf4V/z5i/x4sFtm4NpiwML33wz38zsjBcxKpVlfRnm2vrG5lZuO7+zu7d/UDg8askwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbGz1N4+13IiQN+ZsaR8QN0IBTn2KkNNUrfDgM8QEj0AmQGmLEkpdJz854lYxXzXg16Ii5/gGuqlT9p5K9ulKvULLK1szgMrBTUAKpNXqFT6cf4jggXGGGpOzaVqTcBAlFMSOTvBNLEiE8QgPS1ZCjgEg3ma1uAs8004d+KPTjCs7Yv4oEBVKOA09nToeVi7EpuSrWjZV/7yaUR7EiHM8b+TGDKoTTO8A+FQQrNtYAYUH1rBAPkUBY6Wvl9RLsxS8vg1albN+Wb15rpfpjuo4cOAFFcAlscAfq4Bk0QBNg8G2cGufGhfFjFs0r83qeahqp5hhkzKz9AgQtwN8=</latexit>

→O1O2O3O4↑ = →O3O2O1O4↑

<latexit sha1_base64="oucttjH8RLaQcZlM2u58FCb7vMo="></latexit>

→O1O2O3O4↑ =
∑

i

ω12iω34iG
1234
!i,ωi
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24

)

Polynomial matrix vectors

scalar_blocks for computing the conformal blocks 
and expand them in Taylor series around the crossing self-
dual point. blocks_3d if the external operators are 
spinning.

Number of poles in rational approximation 
Order of approximation 
Derivatives in Taylor expansion 
Numerical precision

Autoboot for generating the minimal set of linearly 
independent crossing equations and separate the OPE 
according to the representation theory

Haskell or Simpleboot for wrapping the conformal 
block Taylor expansion information with the prefactors in 
the crossing equations which respects the representation 
theory.

sdpb for actually computing the semidefinite programming.



The biggest overhead is gone
• Days or weeks -> 2.5 hours

⋯



The detailed setup vibed
• The benefit of setting up AI assisted bootstrap program is that you can use natural 

language to dictate the detailed spectrum assumptions: 

• Isolation of operators: 

• From   

• To 

• Make the setup stronger by putting in  ,  ,  at the accurate value.λσσϵ λϵϵϵ cT
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Matching conditions - remarkable success
• When merging different numerical packages, one of the 

frequently seen issue is the mismatch of normalization.  

• The conformal block may contain a  - dependent 
prefactor. 

• The prefactor rescales OPE coefficients. So an isolated 
bootstrap setup with some OPE coefficients assumed is a 
strong check.

(Δ, ℓ)

Poland, Rychkov, Vichi, `18



Now we can vibe the genuinely new setup
• Replace the  with  operator: 

• All dimensions  ,  ,  are known. Central charge  known. Two OPE 
coefficients  ,  known. Two OPE coefficients  ,  unknown.

ϵ ϵ′￼

Δσ Δϵ Δϵ′￼
cT

λσσϵ λσσϵ′￼
λϵ′￼ϵ′￼ϵ λϵ′￼ϵ′￼ϵ′￼

Now the external guy is ϵ′￼

This is new, we also isolate ϵ′￼ϵ′￼ ∼ ϵ

<latexit sha1_base64="qBHgHMNrOzeGFkY3MaXnFkJiJBk="></latexit>
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Island - wait…
• Use this setup, the agent concluded with an 

“island”:

λϵ′￼ϵ′￼ϵ

λϵ′￼ϵ′￼ϵ′￼

unpublished paper by Ning Su

Claude:  
Found an island with  λϵ′￼ϵ′￼ϵ′￼

∈ [7.580,8.027]

YX:  
No you didn’t. Search for a new lower bound 
for λϵ′￼ϵ′￼ϵ′￼

Claude:  
Added 20 new grids in domain  [7.50,7.59]

YX:  
Can you just look at your plot?



The final island
• Claude then printed the plot pdf and used 

image process tools and found that it missed 
the lower bound.  

• The fix was to add new lower bounds much 
further than the plot boundary and search 
again. 

• Then the island looks good.

λϵ′￼ϵ′￼ϵ

λϵ′￼ϵ′￼ϵ′￼



It’s always good to be suspicious
• We then challenged Claude how the OPE coefficients was put in to the bootstrap 

equation, and it turns out the setup was again unexpected. 

• It’s worth slowing down a little to explain this difference. 

• For each point (  , ) in the plot, all isolated OPE coefficients are numerical 
numbers, so the , , ,  can all be merged to the same numerical vector.

λϵ′￼ϵ′￼ϵ λϵ′￼ϵ′￼ϵ′￼

Vvac VT Vext Vϵ
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It’s always good to be suspicious

• The semidefinite programming problem is thus

<latexit sha1_base64="qBHgHMNrOzeGFkY3MaXnFkJiJBk="></latexit>
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<latexit sha1_base64="wofYZbnrsMnjB/WrmfdSJeuIfAo=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIJYhDuRaCnaWCoYFXIhzG3mvMW9vWN3TgxH/A02/hUbC0Vsbez8N25iCr8eDDzem2FmXpQracn3P7yx8YnJqemZ2crc/MLiUnV55cxmhRHYFJnKzEUEFpXU2CRJCi9yg5BGCs+jq8OBf36NxspMn1Ivx3YKl1rGUgA5qVPdKkOT8ljq7m0/vEbBQ1B5ApWQ8IZKbguRcEqAeJ93qjW/7g/B/5JgRGpshONO9T3sZqJIUZNQYG0r8HNql2BICoX9SlhYzEFcwSW2HNWQom2Xw5/6fMMpXR5nxpUmPlS/T5SQWttLI9eZAiX2tzcQ//NaBcV77VLqvCDU4mtRXChOGR8ExLvSoCDVcwSEke5WLhIwIMjFWHEhBL9f/kvOtutBo9442antH4zimGFrbJ1tsoDtsn12xI5Zkwl2xx7YE3v27r1H78V7/Wod80Yzq+wHvLdPhwad7w==</latexit>

find ωε such that
<latexit sha1_base64="TINFz3VBL5IWWo0vgBFmcs352/o=">AAACB3icbVBNS8NAEN34WetX1KMgi0XwVBKR6kUoevFYwX5AE8JmM22X7iZhdyOU0JsX/4oXD4p49S9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJJJCk2a8ER2QqKAsxiammkOnVQCESGHdji8mfjtB5CKJfG9HqXgC9KPWY9Roo0U2Ece4emAYI9GicatIPekwAJkH8b4CruBXXGqzhR4kbgFqaACjcD+8qKEZgJiTTlRqus6qfZzIjWjHMZlL1OQEjokfegaGhMBys+nf4zxiVEi3EukqVjjqfp7IidCqZEITacgeqDmvYn4n9fNdO/Sz1mcZhpiOlvUyzjWCZ6EgiMmgWo+MoRQycytmA6IJFSb6MomBHf+5UXSOqu6tWrt7rxSvy7iKKFDdIxOkYsuUB3dogZqIooe0TN6RW/Wk/VivVsfs9Ylq5g5QH9gff4ATbaYUA==</latexit>

ω · Vmerge = 1
<latexit sha1_base64="0/CnAyA4FvJFq55fmLfe6OX8PGw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoiUl0W3bisYB/QhDCZTNqhk5k4MxFK6MaNv+LGhSJu/Qd3/o3TNgttPXDhcM693HtPmDKqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rK5FJTFpYMCG7IVKEUU5ammpGuqkkKAkZ6YTD64nfeSBSUcHv9CglfoL6nMYUI22kwD70EEsHCHo4Ehq2g/x0DD2VYUzuoRPYVafmTAEXiVuQKijQDOwvLxI4SwjXmCGleq6Taj9HUlPMyLjiZYqkCA9Rn/QM5Sghys+nX4zhsVEiGAtpims4VX9P5ChRapSEpjNBeqDmvYn4n9fLdHzp55SnmSYczxbFGYNawEkkMKKSYM1GhiAsqbkV4gGSCGsTXMWE4M6/vEjaZzW3XqvfnlcbV0UcZXAAjsAJcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj1lqyipl98AfW5w/855ee</latexit>

ω · V+ → 0
<latexit sha1_base64="XOpNWeq+fCHEBQGkaXX3LHWGtrk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5ZEpLosunFZwT6gCWEymbRDJzNxZiKUUNz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfeEKaNKO863VVpaXlldK69XNja3tnfs3b22EpnEpIUFE7IbIkUY5aSlqWakm0qCkpCRTji8nvidByIVFfxOj1LiJ6jPaUwx0kYK7AMPsXSAoIcjoWE7yE/H0OuTe+gEdtWpOVPAReIWpAoKNAP7y4sEzhLCNWZIqZ7rpNrPkdQUMzKueJkiKcJD1Cc9QzlKiPLz6QtjeGyUCMZCmuIaTtXfEzlKlBoloelMkB6oeW8i/uf1Mh1f+jnlaaYJx7NFccagFnCSB4yoJFizkSEIS2puhXiAJMLapFYxIbjzLy+S9lnNrdfqt+fVxlURRxkcgiNwAlxwARrgBjRBC2DwCJ7BK3iznqwX6936mLWWrGJmH/yB9fkDg/CWOw==</latexit>

ω · V→ → 0

<latexit sha1_base64="shfD/BljQAHEmB4zMWw1WA4J0/8=">AAACDnicbVDLSgMxFM34rPVVdekmWAquyoxIdVl047KCfUBbSia9bUMzmSG5EcvQL3Djr7hxoYhb1+78G9PHQlsPJBzOuZfknDCRwqDvf3srq2vrG5uZrez2zu7efu7gsGZiqzlUeSxj3QiZASkUVFGghEaigUWhhHo4vJ749XvQRsTqDkcJtCPWV6InOEMndXKFFsIDpjgARd1FTQIctY2oMFRbCV0aWxx3cnm/6E9Bl0kwJ3kyR6WT+2p1Y24jUMglM6YZ+Am2U6ZRcAnjbMsaSBgfsj40HVUsAtNOp3HGtOCULu3F2h2FdKr+3khZZMwoCt1kxHBgFr2J+J/XtNi7bKdCJRZB8dlDPSspxnTSDe0K7dLLkSOMa+H+SvmAacbRNZh1JQSLkZdJ7awYlIql2/N8+WpeR4YckxNySgJyQcrkhlRIlXDySJ7JK3nznrwX7937mI2uePOdI/IH3ucPxvuclA==</latexit>

then the spectrum is ruled out

<latexit sha1_base64="N/U5itLQBzcSKFdyHcJ3jt8lNaI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURqS6LunBZwT6gCWUyvWmHTiZhZiLUUP0VNy4Ucet/uPNvnLZZaOuBgcM593LPnCDhTGnH+bYWFpeWV1YLa8X1jc2tbXtnt6HiVFKo05jHshUQBZwJqGumObQSCSQKODSDwdXYb96DVCwWd3qYgB+RnmAho0QbqWPve2EsCefYuwauycmjB5x37JJTdibA88TNSQnlqHXsL68b0zQCoSknSrVdJ9F+RqRmlMOo6KUKEkIHpAdtQwWJQPnZJP0IHxmli00M84TGE/X3RkYipYZRYCYjovtq1huL/3ntVIcXfsZEkmoQdHooTDnWMR5XgbtMAtV8aAihkpmsmPaJJFSbwoqmBHf2y/OkcVp2K+XK7VmpepnXUUAH6BAdIxedoyq6QTVURxQ9oGf0it6sJ+vFerc+pqMLVr6zh/7A+vwBGB2VAw==</latexit>

→!, ω



It’s always good to be suspicious
• The semidefinite programming problem is thus 

• Instead, Claude created new positivity channels even though all ’s are fixed 

• This setup would allow all OPE coefficients to rescale, thus the bound will be weaker.

λ
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<latexit sha1_base64="wofYZbnrsMnjB/WrmfdSJeuIfAo=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIJYhDuRaCnaWCoYFXIhzG3mvMW9vWN3TgxH/A02/hUbC0Vsbez8N25iCr8eDDzem2FmXpQracn3P7yx8YnJqemZ2crc/MLiUnV55cxmhRHYFJnKzEUEFpXU2CRJCi9yg5BGCs+jq8OBf36NxspMn1Ivx3YKl1rGUgA5qVPdKkOT8ljq7m0/vEbBQ1B5ApWQ8IZKbguRcEqAeJ93qjW/7g/B/5JgRGpshONO9T3sZqJIUZNQYG0r8HNql2BICoX9SlhYzEFcwSW2HNWQom2Xw5/6fMMpXR5nxpUmPlS/T5SQWttLI9eZAiX2tzcQ//NaBcV77VLqvCDU4mtRXChOGR8ExLvSoCDVcwSEke5WLhIwIMjFWHEhBL9f/kvOtutBo9442antH4zimGFrbJ1tsoDtsn12xI5Zkwl2xx7YE3v27r1H78V7/Wod80Yzq+wHvLdPhwad7w==</latexit>

find ωε such that
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ω · Vmerge = 1
<latexit sha1_base64="0/CnAyA4FvJFq55fmLfe6OX8PGw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoiUl0W3bisYB/QhDCZTNqhk5k4MxFK6MaNv+LGhSJu/Qd3/o3TNgttPXDhcM693HtPmDKqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rK5FJTFpYMCG7IVKEUU5ammpGuqkkKAkZ6YTD64nfeSBSUcHv9CglfoL6nMYUI22kwD70EEsHCHo4Ehq2g/x0DD2VYUzuoRPYVafmTAEXiVuQKijQDOwvLxI4SwjXmCGleq6Taj9HUlPMyLjiZYqkCA9Rn/QM5Sghys+nX4zhsVEiGAtpims4VX9P5ChRapSEpjNBeqDmvYn4n9fLdHzp55SnmSYczxbFGYNawEkkMKKSYM1GhiAsqbkV4gGSCGsTXMWE4M6/vEjaZzW3XqvfnlcbV0UcZXAAjsAJcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj1lqyipl98AfW5w/855ee</latexit>
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<latexit sha1_base64="shfD/BljQAHEmB4zMWw1WA4J0/8=">AAACDnicbVDLSgMxFM34rPVVdekmWAquyoxIdVl047KCfUBbSia9bUMzmSG5EcvQL3Djr7hxoYhb1+78G9PHQlsPJBzOuZfknDCRwqDvf3srq2vrG5uZrez2zu7efu7gsGZiqzlUeSxj3QiZASkUVFGghEaigUWhhHo4vJ749XvQRsTqDkcJtCPWV6InOEMndXKFFsIDpjgARd1FTQIctY2oMFRbCV0aWxx3cnm/6E9Bl0kwJ3kyR6WT+2p1Y24jUMglM6YZ+Am2U6ZRcAnjbMsaSBgfsj40HVUsAtNOp3HGtOCULu3F2h2FdKr+3khZZMwoCt1kxHBgFr2J+J/XtNi7bKdCJRZB8dlDPSspxnTSDe0K7dLLkSOMa+H+SvmAacbRNZh1JQSLkZdJ7awYlIql2/N8+WpeR4YckxNySgJyQcrkhlRIlXDySJ7JK3nznrwX7937mI2uePOdI/IH3ucPxvuclA==</latexit>

then the spectrum is ruled out
<latexit sha1_base64="N/U5itLQBzcSKFdyHcJ3jt8lNaI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURqS6LunBZwT6gCWUyvWmHTiZhZiLUUP0VNy4Ucet/uPNvnLZZaOuBgcM593LPnCDhTGnH+bYWFpeWV1YLa8X1jc2tbXtnt6HiVFKo05jHshUQBZwJqGumObQSCSQKODSDwdXYb96DVCwWd3qYgB+RnmAho0QbqWPve2EsCefYuwauycmjB5x37JJTdibA88TNSQnlqHXsL68b0zQCoSknSrVdJ9F+RqRmlMOo6KUKEkIHpAdtQwWJQPnZJP0IHxmli00M84TGE/X3RkYipYZRYCYjovtq1huL/3ntVIcXfsZEkmoQdHooTDnWMR5XgbtMAtV8aAihkpmsmPaJJFSbwoqmBHf2y/OkcVp2K+XK7VmpepnXUUAH6BAdIxedoyq6QTVURxQ9oGf0it6sJ+vFerc+pqMLVr6zh/7A+vwBGB2VAw==</latexit>

→!, ω

<latexit sha1_base64="oq7LLORLlSqI4OzYzB2f6K+Cw2w="></latexit>

(ωωωT ωε→ε→T ) εVT

(
ωωωT

ωε→ε→T

)
→ 0

<latexit sha1_base64="q/LEZ2BT2gXKXd8ptHB7b2/n9QE="></latexit>

(ωωωε ωε→ε→ε) εVε

(
ωωωε

ωε→ε→ε

)
→ 0

<latexit sha1_base64="MMZ8SHS0eUYEywGbxVA9XJnk1zw="></latexit>

(ωωωε→ ωε→ε→ε→) εVext

(
ωωωε→

ωε→ε→ε→

)
→ 0<latexit sha1_base64="EDgCOMW5J9NgS6i+ODrRqS33fN0=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48VbC00oWw2m3bpZjfuTgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhsQwwSVrAwfBuqlmJAkFewxHtzP/ccy04Uo+wCRlQUIGksecErBS4BORDgn2aaQA96s1t+7OgVeJV5AaKtDqV7/8SNEsYRKoIMb0PDeFICcaOBVsWvEzw1JCR2TAepZKkjAT5POjp/jMKhGOlbYlAc/V3xM5SYyZJKHtTAgMzbI3E//zehnE10HOZZoBk3SxKM4EBoVnCeCIa0ZBTCwhVHN7K6ZDogkFm1PFhuAtv7xKOhd1r1Fv3F/WmjdFHGV0gk7ROfLQFWqiO9RCbUTRE3pGr+jNGTsvzrvzsWgtOcXMMfoD5/MHG2aRrw==</latexit>ω· <latexit sha1_base64="EDgCOMW5J9NgS6i+ODrRqS33fN0=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48VbC00oWw2m3bpZjfuTgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhsQwwSVrAwfBuqlmJAkFewxHtzP/ccy04Uo+wCRlQUIGksecErBS4BORDgn2aaQA96s1t+7OgVeJV5AaKtDqV7/8SNEsYRKoIMb0PDeFICcaOBVsWvEzw1JCR2TAepZKkjAT5POjp/jMKhGOlbYlAc/V3xM5SYyZJKHtTAgMzbI3E//zehnE10HOZZoBk3SxKM4EBoVnCeCIa0ZBTCwhVHN7K6ZDogkFm1PFhuAtv7xKOhd1r1Fv3F/WmjdFHGV0gk7ROfLQFWqiO9RCbUTRE3pGr+jNGTsvzrvzsWgtOcXMMfoD5/MHG2aRrw==</latexit>ω· <latexit sha1_base64="EDgCOMW5J9NgS6i+ODrRqS33fN0=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48VbC00oWw2m3bpZjfuTgol9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoY1SmKWtTJZTuhsQwwSVrAwfBuqlmJAkFewxHtzP/ccy04Uo+wCRlQUIGksecErBS4BORDgn2aaQA96s1t+7OgVeJV5AaKtDqV7/8SNEsYRKoIMb0PDeFICcaOBVsWvEzw1JCR2TAepZKkjAT5POjp/jMKhGOlbYlAc/V3xM5SYyZJKHtTAgMzbI3E//zehnE10HOZZoBk3SxKM4EBoVnCeCIa0ZBTCwhVHN7K6ZDogkFm1PFhuAtv7xKOhd1r1Fv3F/WmjdFHGV0gk7ROfLQFWqiO9RCbUTRE3pGr+jNGTsvzrvzsWgtOcXMMfoD5/MHG2aRrw==</latexit>ω·



Recap
• We initiated a study of higher irrelevant operator bootstrap in 3D Ising CFT with ai-

assistance. 

• The setup was non-trivial to begin with. Without human prior knowledge we do not 
expect the agent can come up with this operator isolation scheme. 

• Under the instruction, the agent assistance drastically reduced the setup time for the 
numerics, and made it convenient to modify the setup using natural language. 

• However, human expert needs to constantly verify and challenge the result from the 
agent to keep it on track.



Would agents internalize our intuition?
• We believe it will. 

• In the short term, the experience is easy to save and distribute. Skill can be saved on 
demand, and sessions can be forked. 

• In the long term, we have seen that useful experience or instructions that used to 
require skill files are internalized into the base model in later versions, and the new 
model becomes smarter. 

• This suggests a way that the physics community can contribute to the development 
of AI. 



Some future goals
• A systematic analysis on the convergence of mixed bootstrap involving lightest and 

heavier operators. WIP with Yuhang Wu and Yunxiao Ye. 

• A functional numerical bootstrap analysis. Numerical bootstrap can be made much 
more efficient using the analytic functional basis, but the setup still need work and 
AI-assistance would speed it up significantly. 

• Numerical bootstrap involving spinning operators - complexity used to be 
formidable to learn from scratch, but made feasible with the help of AI.



Thank you


