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In quantum field theory, we use perturbation theory most of the time…

<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+
<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+
<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+ <latexit sha1_base64="9kUsalmhNhjWUM31FwWUEfnqKkI=">AAAB53icbZDNTsJAFIVv8Q/xD3XpppGYuCKtIeqSRBcuMREkgYZMh1sYmXaamVsTQngGXRl15/v4Ar6NA3ah4Fl9c8+Z5J4bplIY8rwvp7Cyura+UdwsbW3v7O6V9w9aRmWaY5MrqXQ7ZAalSLBJgiS2U40sDiXeh6OrmX//iNoIldzROMUgZoNERIIzsqNWl/cVmV654lW9udxl8HOoQK5Gr/zZ7SuexZgQl8yYju+lFEyYJsElTkvdzGDK+IgNsGMxYTGaYDLfduqeREq7NER3/v6dnbDYmHEc2kzMaGgWvdnwP6+TUXQZTESSZoQJtxHrRZl0Sbmz0m5faOQkxxYY18Ju6fIh04yTPU3J1vcXyy5D66zqn1drt7VK/To/RBGO4BhOwYcLqMMNNKAJHB7gGd7g3RHOk/PivP5EC07+5xD+yPn4Bpq7jM8=</latexit>· · ·<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+
<latexit sha1_base64="oC/pV5vLzGTSa5m3iktEWeLoDgg=">AAACAHicbVDNSgMxGMz6W+vfqkcRgkXwVHZFqhehoAePFewPdJeSTb/thmazS5IVytKLvoyeRL35DL6Ab2NaF9HWgcBkZgKZCVLOlHacT2thcWl5ZbW0Vl7f2Nzatnd2WyrJJIUmTXgiOwFRwJmApmaaQyeVQOKAQzsYXk789h1IxRJxq0cp+DEZCBYySrSRevaBx4kYcPDSiP0cOZXwBe7ZFafqTIHniVuQCirQ6NkfXj+hWQxCU06U6rpOqv2cSM0oh3HZyxSkhA7JALqGChKD8vNpjTE+ChOJdQR4ev+dzUms1CgOTCYmOlKz3kT8z+tmOjz3cybSTIOgJmK8MONYJ3iyBu4zCVTzkSGESmZ+iWlEJKHabFY29d3ZsvOkdVJ1a9XazWmlflUMUUL76BAdIxedoTq6Rg3URBQ9oCf0it6se+vRerZevqMLVvFmD/2B9f4FsduWZw==</latexit>

→ωωω↑ =



In quantum field theory, we use perturbation theory most of the time…
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<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+ <latexit sha1_base64="9kUsalmhNhjWUM31FwWUEfnqKkI=">AAAB53icbZDNTsJAFIVv8Q/xD3XpppGYuCKtIeqSRBcuMREkgYZMh1sYmXaamVsTQngGXRl15/v4Ar6NA3ah4Fl9c8+Z5J4bplIY8rwvp7Cyura+UdwsbW3v7O6V9w9aRmWaY5MrqXQ7ZAalSLBJgiS2U40sDiXeh6OrmX//iNoIldzROMUgZoNERIIzsqNWl/cVmV654lW9udxl8HOoQK5Gr/zZ7SuexZgQl8yYju+lFEyYJsElTkvdzGDK+IgNsGMxYTGaYDLfduqeREq7NER3/v6dnbDYmHEc2kzMaGgWvdnwP6+TUXQZTESSZoQJtxHrRZl0Sbmz0m5faOQkxxYY18Ju6fIh04yTPU3J1vcXyy5D66zqn1drt7VK/To/RBGO4BhOwYcLqMMNNKAJHB7gGd7g3RHOk/PivP5EC07+5xD+yPn4Bpq7jM8=</latexit>· · ·<latexit sha1_base64="+KchsA+6HrCHJWKL9NDX1TswxCw=">AAAB4nicbZDNSgMxFIXv1L9a/6ou3QSLIAhlRoq6LOjCZQv2B9qhZNI7bWgyMyQZoQx9AV2JuvORfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsugHVKHiELcONwG6ikMpAYCeY3M79ziMqzePowUwT9CUdRTzkjBo7al4MyhW36i5EVsHLoQK5GoPyZ38Ys1RiZJigWvc8NzF+RpXhTOCs1E81JpRN6Ah7FiMqUfvZYtEZOQtjRcwYyeL9O5tRqfVUBjYjqRnrZW8+/M/rpSa88TMeJanBiNmI9cJUEBOTeV8y5AqZEVMLlClutyRsTBVlxl6lZOt7y2VXoX1Z9a6qtWatUr/LD1GEEziFc/DgGupwDw1oAQOEZ3iDd2foPDkvzutPtODkf47hj5yPb2vbik8=</latexit>

+
<latexit sha1_base64="oC/pV5vLzGTSa5m3iktEWeLoDgg=">AAACAHicbVDNSgMxGMz6W+vfqkcRgkXwVHZFqhehoAePFewPdJeSTb/thmazS5IVytKLvoyeRL35DL6Ab2NaF9HWgcBkZgKZCVLOlHacT2thcWl5ZbW0Vl7f2Nzatnd2WyrJJIUmTXgiOwFRwJmApmaaQyeVQOKAQzsYXk789h1IxRJxq0cp+DEZCBYySrSRevaBx4kYcPDSiP0cOZXwBe7ZFafqTIHniVuQCirQ6NkfXj+hWQxCU06U6rpOqv2cSM0oh3HZyxSkhA7JALqGChKD8vNpjTE+ChOJdQR4ev+dzUms1CgOTCYmOlKz3kT8z+tmOjz3cybSTIOgJmK8MONYJ3iyBu4zCVTzkSGESmZ+iWlEJKHabFY29d3ZsvOkdVJ1a9XazWmlflUMUUL76BAdIxedoTq6Rg3URBQ9oCf0it6se+vRerZevqMLVvFmD/2B9f4FsduWZw==</latexit>

→ωωω↑ =

How can we diagnose the breakdown of the perturbative expansion?



In quantum field theory, we use perturbation theory most of the time…
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How can we diagnose the breakdown of the perturbative expansion?

Three ideas:

• Calculate next order

• Power counting

• Unitarity



Expanding the amplitude in partial waves,
<latexit sha1_base64="pbWuLsOYG8iaU16dj9Xtbxb5BE0="></latexit>

A2→2 = 16ω
↑∑

l=0

(2l + 1) al Pl(cos ε)

Unitarity requires:
<latexit sha1_base64="iWk8sjyF54r4u8bRJ95S0A8o7Xo=">AAACH3icbVDLTgJBEJz1ifhCPXqZSEw8GLJLDHrwYKIHj2hESNjNpnfohQmzD2ZmTcjKx+jP6MEY9ebfOCAHFetU3VWTnqogFVxp2/605uYXFpeWCyvF1bX1jc3S1vatSjLJsMESkchWAAoFj7GhuRbYSiVCFAhsBv3zsd68Q6l4Et/oYYpeBN2Yh5yBNiu/dHqfuzKi1zii7iEFX9B76gocUDeUwHJnlFeNMsig4x4agxsmEoSgk0H4pbJdsSegs8SZkjKZou6XXtxOwrIIY80EKNV27FR7OUjNmcBR0c0UpsD60MW2oTFEqLx8knJE981tqntIJ/NPbw6RUsMoMJ4IdE/91cbL/7R2psMTL+dxmmmMmbEYLcwE1Qkdl0U7XCLTYmgIMMnNLynrgSlGm0qLJr7zN+wsua1WnFqldnVUPruYFlEgu2SPHBCHHJMzcknqpEEYeSTP5J18WA/Wk/VqvX1b56zpmx3yC9bnF7YBoNM=</latexit>

|Re al| →
1

2
↑ l

Legendre polynomial

Partial wave coefficient



Expanding the amplitude in partial waves,
<latexit sha1_base64="pbWuLsOYG8iaU16dj9Xtbxb5BE0="></latexit>

A2→2 = 16ω
↑∑

l=0

(2l + 1) al Pl(cos ε)

Unitarity requires:
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|Re al| →
1

2
↑ l

Partial wave unitarity bounds

Legendre polynomial

Partial wave coefficient



Expanding the amplitude in partial waves,
<latexit sha1_base64="pbWuLsOYG8iaU16dj9Xtbxb5BE0="></latexit>

A2→2 = 16ω
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l=0

(2l + 1) al Pl(cos ε)

Unitarity requires:
<latexit sha1_base64="iWk8sjyF54r4u8bRJ95S0A8o7Xo=">AAACH3icbVDLTgJBEJz1ifhCPXqZSEw8GLJLDHrwYKIHj2hESNjNpnfohQmzD2ZmTcjKx+jP6MEY9ebfOCAHFetU3VWTnqogFVxp2/605uYXFpeWCyvF1bX1jc3S1vatSjLJsMESkchWAAoFj7GhuRbYSiVCFAhsBv3zsd68Q6l4Et/oYYpeBN2Yh5yBNiu/dHqfuzKi1zii7iEFX9B76gocUDeUwHJnlFeNMsig4x4agxsmEoSgk0H4pbJdsSegs8SZkjKZou6XXtxOwrIIY80EKNV27FR7OUjNmcBR0c0UpsD60MW2oTFEqLx8knJE981tqntIJ/NPbw6RUsMoMJ4IdE/91cbL/7R2psMTL+dxmmmMmbEYLcwE1Qkdl0U7XCLTYmgIMMnNLynrgSlGm0qLJr7zN+wsua1WnFqldnVUPruYFlEgu2SPHBCHHJMzcknqpEEYeSTP5J18WA/Wk/VqvX1b56zpmx3yC9bnF7YBoNM=</latexit>

|Re al| →
1

2
↑ l

Partial wave unitarity bounds

Applied to WW scattering without the Higgs:
<latexit sha1_base64="nsuOhAx+H5p3mRgk0SqKk+VeMgs="></latexit>

a0 → s

2400GeV
↑ 1

2
↓ s ↭ 1200GeV

Lee, Quigg, Thacker ‘77

Legendre polynomial

Partial wave coefficient
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But what about de Sitter or other curved backgrounds?

Some proposals to use S-matrix unitarity bounds:

• Take the flat space limit of a dS theory
Baumann, Green, Lee, Porto ’15

Melville, Noller ‘19

• Study sub-horizon scattering
Grall, Melville ’20

However…

• …this neglects curvature effects

• …the flat space limit does not always exist

• …we expect different behaviour with energy scale

We need bounds that can be defined in any spacetime!



Outline
Introducing the problem… 

• Perturbative unitarity bounds 

Proposing a solution… 

• Entanglement in QFT 

• Computing the purity 

Reporting on the results… 

• Bounds in flat space 

• Bounds in de Sitter space



The Hilbert space of a free QFT can be written as
<latexit sha1_base64="sGHNI4iHbhhKgaJack24mmBcS1k=">AAACGHicbVBLS8NAGNzUV62vqEcvwSJ4Kolo9SIU9NBjBfuAJoTN9ku7dPNgd1MoIX9E/4yexMfJm//GTQ1YW+c0OzML840XMyqkaX5ppZXVtfWN8mZla3tnd0/fP+iIKOEE2iRiEe95WACjIbQllQx6MQcceAy63vgm97sT4IJG4b2cxuAEeBhSnxIsleTqF3aA5Yhgljaza9ujw0jSAISb2hMg6TjL5vxf0dWrZs2cwVgmVkGqqEDL1T/sQUSSAEJJGBaib5mxdFLMJSUMsoqdCIgxGeMh9BUNsergpLPzMuPEj7ghR2DM3vPZFAdCTANPZfKaYtHLxf+8fiL9KyelYZxICImKKM9PmCEjI1/JGFAORLKpIphwqloaZIQ5JlJtWVHnW4vHLpPOWc2q1+p359XGbTFEGR2hY3SKLHSJGqiJWqiNCHpEz+gNvWsP2pP2or3+REta8ecQ/YH2+Q0d+6JP</latexit>

H =
⊗

ωk

Hωk

In an interacting theory, entanglement between modes gives a measure of the strength of 
interactions



<latexit sha1_base64="ny+vWwTiy8IlVa5W9Ty6DR5SQ8M=">AAACMXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdSMUdNGVVLAPaEqZTG/boZOZODMplJCv0s/wB+pK1J0/4SR2odW7Oveec+GcE0SMKu26c6uwsrq2vlHcLG1t7+zu2fsHLSViSaBJBBOyE2AFjHJoaqoZdCIJOAwYtIPJdca3pyAVFfxezyLohXjE6ZASrM2pb9/6IdZjgllST/uJP8USIkWZ4OmVH9CR0DQElRFAkknqc3jIYZSmS485n/btsltx83H+Am8Bymgxjb797A8EiUPgmjCsVNdzI91LsNSUMEhLfqwgwmSCR9A1kGNjp5fkuVPnZCiko8fg5PtPbYJDpWZhYDSZTbXMZcf/uG6sh5e9hPIo1sCJkRhuGDNHCyerzxlQCUSzmQGYSGpcOmSMJSbalFwy8b3lsH9B66ziVSvVu/Ny7WZRRBEdoWN0ijx0gWqojhqoiQh6Qi/oHX1Yj9bcerXevqUFa/FziH6N9fkFPx+t4Q==</latexit>

Hω =
⊗

εk →=εp

Hεk

<latexit sha1_base64="dbIWS/8LNskd0XNGnViS51J/Imo=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRKR6kYo6KLLCvYBTSiT6W07dPJgZlIoIXv9GV2JuvMD/AH/xknNorae1bn3nAv3HC/iTCrL+jYKa+sbm1vF7dLO7t7+QfnwqC3DWFBs0ZCHousRiZwF2FJMcexGAonvcex4k9tM70xRSBYGD2oWoeuTUcCGjBKlV/1yxfGJGlPCk0balzeLU+JMkSZRmmqXVbXmMFeJnZMK5Gj2y1/OIKSxj4GinEjZs61IuQkRilGOacmJJUaETsgIe5oGxEfpJvMwqXk2DIWpxmjO50VvQnwpZ76nPdmbclnLlv9pvVgNr92EBVGsMKDaorVhzE0Vmlkn5oAJpIrPNCFUMP2lScdEEKp0cyUd314Ou0raF1W7Vq3dX1bqd3kRRTiBUzgHG66gDg1oQgsoPMELvMOH8Wg8G6/G26+1YOQ3x/AHxucP4HWZ/w==</latexit>

Hs = Hωp

The Hilbert space of a free QFT can be written as
<latexit sha1_base64="sGHNI4iHbhhKgaJack24mmBcS1k=">AAACGHicbVBLS8NAGNzUV62vqEcvwSJ4Kolo9SIU9NBjBfuAJoTN9ku7dPNgd1MoIX9E/4yexMfJm//GTQ1YW+c0OzML840XMyqkaX5ppZXVtfWN8mZla3tnd0/fP+iIKOEE2iRiEe95WACjIbQllQx6MQcceAy63vgm97sT4IJG4b2cxuAEeBhSnxIsleTqF3aA5Yhgljaza9ujw0jSAISb2hMg6TjL5vxf0dWrZs2cwVgmVkGqqEDL1T/sQUSSAEJJGBaib5mxdFLMJSUMsoqdCIgxGeMh9BUNsergpLPzMuPEj7ghR2DM3vPZFAdCTANPZfKaYtHLxf+8fiL9KyelYZxICImKKM9PmCEjI1/JGFAORLKpIphwqloaZIQ5JlJtWVHnW4vHLpPOWc2q1+p359XGbTFEGR2hY3SKLHSJGqiJWqiNCHpEz+gNvWsP2pP2or3+REta8ecQ/YH2+Q0d+6JP</latexit>

H =
⊗

ωk

Hωk

In an interacting theory, entanglement between modes gives a measure of the strength of 
interactions

It can be quantified by doing a bipartition between different sets of modes:
<latexit sha1_base64="qkjk1rG1VEDLK/mCIqKHrDNnoP4=">AAACHHicbVDLSsNAFJ34rPUVdekmWARXJRGpuhAKuuiygn1AE8JketsOnWTCzKRQQn5Ff0ZXvnaCf+OkZlFb7+rMOWe495wgZlQq2/42VlbX1jc2S1vl7Z3dvX3z4LAteSIItAhnXHQDLIHRCFqKKgbdWAAOAwadYHyb650JCEl59KCmMXghHkZ0QAlWmvLNazfEakQwSxvZzRz2pcsVDUHOc6k7wQJiSRmPMt+s2FV7NtYycApQQcU0ffPN7XOShBApwrCUPceOlZdioShhkJXdREKMyRgPoadhhPV2L51FzKzTAReWGoE1e897UxxKOQ0D7clPlYtaTv6n9RI1uPJSGsWJgohoi9YGCbMUt/KmrD4VQBSbaoCJoPpKi4ywwETpPss6vrMYdhm0z6tOrVq7v6jU74oiSugYnaAz5KBLVEcN1EQtRNATekEf6NN4NJ6NV+P917piFH+O0J8xvn4AGX6j2w==</latexit>

H = Hs →Hω

e.g.

System: Environment:



<latexit sha1_base64="ny+vWwTiy8IlVa5W9Ty6DR5SQ8M=">AAACMXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdSMUdNGVVLAPaEqZTG/boZOZODMplJCv0s/wB+pK1J0/4SR2odW7Oveec+GcE0SMKu26c6uwsrq2vlHcLG1t7+zu2fsHLSViSaBJBBOyE2AFjHJoaqoZdCIJOAwYtIPJdca3pyAVFfxezyLohXjE6ZASrM2pb9/6IdZjgllST/uJP8USIkWZ4OmVH9CR0DQElRFAkknqc3jIYZSmS485n/btsltx83H+Am8Bymgxjb797A8EiUPgmjCsVNdzI91LsNSUMEhLfqwgwmSCR9A1kGNjp5fkuVPnZCiko8fg5PtPbYJDpWZhYDSZTbXMZcf/uG6sh5e9hPIo1sCJkRhuGDNHCyerzxlQCUSzmQGYSGpcOmSMJSbalFwy8b3lsH9B66ziVSvVu/Ny7WZRRBEdoWN0ijx0gWqojhqoiQh6Qi/oHX1Yj9bcerXevqUFa/FziH6N9fkFPx+t4Q==</latexit>

Hω =
⊗

εk →=εp

Hεk

<latexit sha1_base64="dbIWS/8LNskd0XNGnViS51J/Imo=">AAACBnicbVDLSsNAFL2pr1pfVZdugkVwVRKR6kYo6KLLCvYBTSiT6W07dPJgZlIoIXv9GV2JuvMD/AH/xknNorae1bn3nAv3HC/iTCrL+jYKa+sbm1vF7dLO7t7+QfnwqC3DWFBs0ZCHousRiZwF2FJMcexGAonvcex4k9tM70xRSBYGD2oWoeuTUcCGjBKlV/1yxfGJGlPCk0balzeLU+JMkSZRmmqXVbXmMFeJnZMK5Gj2y1/OIKSxj4GinEjZs61IuQkRilGOacmJJUaETsgIe5oGxEfpJvMwqXk2DIWpxmjO50VvQnwpZ76nPdmbclnLlv9pvVgNr92EBVGsMKDaorVhzE0Vmlkn5oAJpIrPNCFUMP2lScdEEKp0cyUd314Ou0raF1W7Vq3dX1bqd3kRRTiBUzgHG66gDg1oQgsoPMELvMOH8Wg8G6/G26+1YOQ3x/AHxucP4HWZ/w==</latexit>

Hs = Hωp

The Hilbert space of a free QFT can be written as
<latexit sha1_base64="sGHNI4iHbhhKgaJack24mmBcS1k=">AAACGHicbVBLS8NAGNzUV62vqEcvwSJ4Kolo9SIU9NBjBfuAJoTN9ku7dPNgd1MoIX9E/4yexMfJm//GTQ1YW+c0OzML840XMyqkaX5ppZXVtfWN8mZla3tnd0/fP+iIKOEE2iRiEe95WACjIbQllQx6MQcceAy63vgm97sT4IJG4b2cxuAEeBhSnxIsleTqF3aA5Yhgljaza9ujw0jSAISb2hMg6TjL5vxf0dWrZs2cwVgmVkGqqEDL1T/sQUSSAEJJGBaib5mxdFLMJSUMsoqdCIgxGeMh9BUNsergpLPzMuPEj7ghR2DM3vPZFAdCTANPZfKaYtHLxf+8fiL9KyelYZxICImKKM9PmCEjI1/JGFAORLKpIphwqloaZIQ5JlJtWVHnW4vHLpPOWc2q1+p359XGbTFEGR2hY3SKLHSJGqiJWqiNCHpEz+gNvWsP2pP2or3+REta8ecQ/YH2+Q0d+6JP</latexit>

H =
⊗

ωk

Hωk

In an interacting theory, entanglement between modes gives a measure of the strength of 
interactions

It can be quantified by doing a bipartition between different sets of modes:
<latexit sha1_base64="qkjk1rG1VEDLK/mCIqKHrDNnoP4=">AAACHHicbVDLSsNAFJ34rPUVdekmWARXJRGpuhAKuuiygn1AE8JketsOnWTCzKRQQn5Ff0ZXvnaCf+OkZlFb7+rMOWe495wgZlQq2/42VlbX1jc2S1vl7Z3dvX3z4LAteSIItAhnXHQDLIHRCFqKKgbdWAAOAwadYHyb650JCEl59KCmMXghHkZ0QAlWmvLNazfEakQwSxvZzRz2pcsVDUHOc6k7wQJiSRmPMt+s2FV7NtYycApQQcU0ffPN7XOShBApwrCUPceOlZdioShhkJXdREKMyRgPoadhhPV2L51FzKzTAReWGoE1e897UxxKOQ0D7clPlYtaTv6n9RI1uPJSGsWJgohoi9YGCbMUt/KmrD4VQBSbaoCJoPpKi4ywwETpPss6vrMYdhm0z6tOrVq7v6jU74oiSugYnaAz5KBLVEcN1EQtRNATekEf6NN4NJ6NV+P917piFH+O0J8xvn4AGX6j2w==</latexit>

H = Hs →Hω

e.g.

System: Environment:

Then, the reduced density matrix is

<latexit sha1_base64="r6cuDBERCTeOSStyyLL0CqQ4kh8=">AAACD3icbVDLSsNAFJ34rPUVdelmsAguSklEqsuCLlxW6AuaEibTm3boJBNnJoUS8hH6M7oSdSf4A/6N09qFtp7VufecC/ecIOFMacf5slZW19Y3Ngtbxe2d3b19++CwpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0PdXbY5CKibihJwn0IjKIWcgo0Wbl22VPDoWvsAf3KRvjzJMRbsjcz7wxkZAoxkWcY6+MZz675FScGfAyceekhOao+/an1xc0jSDWlBOluq6T6F5GpGaUQ170UgUJoSMygK6hMYlA9bJZqhyfhkJiPQQ8m397MxIpNYkC44mIHqpFbbr8T+umOrzqZSxOUg0xNRajhSnHWuBpObjPJFDNJ4YQKpn5EtMhkYRqU2HRxHcXwy6T1nnFrVaqdxel2s28iAI6RifoDLnoEtXQLaqjJqLoET2jN/RuPVhP1ov1+mNdseY3R+gPrI9vQPicvg==</latexit>

ωs → Trω ω



<latexit sha1_base64="KhL+MEbHickzS5UpPFaAQnMWF2M=">AAACEHicbZDNSgMxFIUz/tb6V3XpJliEumiZEakuCyq4rNg/6JQhk962oZnJmGQKZehL6MvoStSd+AK+jWmdhbbe1Zd7TuCe40ecKW3bX9bS8srq2npmI7u5tb2zm9vbbygRSwp1KriQLZ8o4CyEumaaQyuSQAKfQ9MfXk715gikYiKs6XEEnYD0Q9ZjlGiz8nLFO+8au3AfsxEu4sSVAa7JiadwAbtyIAy4XPRTPvFyebtkzwYvgpNCHqVT9XKfblfQOIBQU06Uajt2pDsJkZpRDpOsGyuICB2SPrQNhiQA1UlmsSb4uCck1gPAs/dvb0ICpcaBbzwB0QM1r02X/2ntWPcuOgkLo1hDSI3FaL2YYy3wtB3cZRKo5mMDhEpmrsR0QCSh2nSYNfGd+bCL0DgtOeVS+fYsX7lKi8igQ3SECshB56iCblAV1RFFj+gZvaF368F6sl6s1x/rkpX+OUB/xvr4Bi3Km2E=</latexit>

SE → ↑Trs(ωs log ωs)

Different quantities measure the entanglement between system and environment:

Entanglement entropy:
   (no entanglement)

<latexit sha1_base64="XzoKRF+4E/wYtCxolazL3eA9VL4=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9ssVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/0Foqd</latexit>

= 0

   (entanglement)
<latexit sha1_base64="hVHrilUXJkk2shy2CLwFM/gwc9E=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFRXUtCFyyr2B9qhZNI7bWgmMyQZoQx9Al2JuvONfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo0d3V+5/XLFrbpzkWXwcqhArka//NkbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErkVJI9R+Nt90Sk7CWBEzQjJ//85mNNJ6EgU2E1Ez0ovebPif101NeOlnXCapQclsxHphKoiJyawwGXCFzIiJBcoUt1sSNqKKMmPPUrL1vcWyy9A6q3q1au3uvFK/yQ9RhCM4hlPw4ALqcAsNaAKDEJ7hDd4ddJ6cF+f1J1pw8j+H8EfOxzf1lYqe</latexit>

> 0



<latexit sha1_base64="KhL+MEbHickzS5UpPFaAQnMWF2M=">AAACEHicbZDNSgMxFIUz/tb6V3XpJliEumiZEakuCyq4rNg/6JQhk962oZnJmGQKZehL6MvoStSd+AK+jWmdhbbe1Zd7TuCe40ecKW3bX9bS8srq2npmI7u5tb2zm9vbbygRSwp1KriQLZ8o4CyEumaaQyuSQAKfQ9MfXk715gikYiKs6XEEnYD0Q9ZjlGiz8nLFO+8au3AfsxEu4sSVAa7JiadwAbtyIAy4XPRTPvFyebtkzwYvgpNCHqVT9XKfblfQOIBQU06Uajt2pDsJkZpRDpOsGyuICB2SPrQNhiQA1UlmsSb4uCck1gPAs/dvb0ICpcaBbzwB0QM1r02X/2ntWPcuOgkLo1hDSI3FaL2YYy3wtB3cZRKo5mMDhEpmrsR0QCSh2nSYNfGd+bCL0DgtOeVS+fYsX7lKi8igQ3SECshB56iCblAV1RFFj+gZvaF368F6sl6s1x/rkpX+OUB/xvr4Bi3Km2E=</latexit>

SE → ↑Trs(ωs log ωs)

Different quantities measure the entanglement between system and environment:

Entanglement entropy:
   (no entanglement)

<latexit sha1_base64="XzoKRF+4E/wYtCxolazL3eA9VL4=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9ssVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/0Foqd</latexit>

= 0

   (entanglement)
<latexit sha1_base64="hVHrilUXJkk2shy2CLwFM/gwc9E=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFRXUtCFyyr2B9qhZNI7bWgmMyQZoQx9Al2JuvONfAHfxrTOQlvP6ss9J3DPDRLBtXHdL6ewsrq2vlHcLG1t7+zulfcPWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsYX8/89iMqzWP5YCYJ+hEdSh5yRo0d3V+5/XLFrbpzkWXwcqhArka//NkbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErkVJI9R+Nt90Sk7CWBEzQjJ//85mNNJ6EgU2E1Ez0ovebPif101NeOlnXCapQclsxHphKoiJyawwGXCFzIiJBcoUt1sSNqKKMmPPUrL1vcWyy9A6q3q1au3uvFK/yQ9RhCM4hlPw4ALqcAsNaAKDEJ7hDd4ddJ6cF+f1J1pw8j+H8EfOxzf1lYqe</latexit>

> 0

Some previous work on entanglement entropy in momentum space:

Balasubramanian, McDermott, Van Raamsdonk ’11


Nishioka ’18

Costa, van den Brink, Nogueira, Krein ‘22



<latexit sha1_base64="4jLSnV5VRcTtGui1LsiWxPG7JXw=">AAACB3icbVDLTsJAFJ36RHyhLt1MRBMXhrTEoEsSXbjEhFdCazMdLnTCTFtnpiSk4QP0Z3Rl1J17f8C/cUAWCp7Vufecm9xzgoQzpW37y1paXlldW89t5De3tnd2C3v7TRWnkkKDxjyW7YAo4CyChmaaQzuRQETAoRUMriZ6awhSsTiq61ECniD9iPUYJdqs/MKx2ydCEOzCfcqGOHOlwHU59hV2z7Arw9hXd2W/ULRL9hR4kTgzUkQz1PzCp9uNaSog0pQTpTqOnWgvI1IzymGcd1MFCaED0oeOoRERoLxsmmaMT3qxxDoEPJ1/ezMilBqJwHgE0aGa1ybL/7ROqnuXXsaiJNUQUWMxWi/lWMd4UgruMglU85EhhEpmvsQ0JJJQbarLm/jOfNhF0iyXnEqpcnterF7PisihQ3SETpGDLlAV3aAaaiCKHtEzekPv1oP1ZL1Yrz/WJWt2c4D+wPr4BtHTmJQ=</latexit>

ω → Trs ε
2
s

Different quantities measure the entanglement between system and environment:

Purity:



<latexit sha1_base64="4jLSnV5VRcTtGui1LsiWxPG7JXw=">AAACB3icbVDLTsJAFJ36RHyhLt1MRBMXhrTEoEsSXbjEhFdCazMdLnTCTFtnpiSk4QP0Z3Rl1J17f8C/cUAWCp7Vufecm9xzgoQzpW37y1paXlldW89t5De3tnd2C3v7TRWnkkKDxjyW7YAo4CyChmaaQzuRQETAoRUMriZ6awhSsTiq61ECniD9iPUYJdqs/MKx2ydCEOzCfcqGOHOlwHU59hV2z7Arw9hXd2W/ULRL9hR4kTgzUkQz1PzCp9uNaSog0pQTpTqOnWgvI1IzymGcd1MFCaED0oeOoRERoLxsmmaMT3qxxDoEPJ1/ezMilBqJwHgE0aGa1ybL/7ROqnuXXsaiJNUQUWMxWi/lWMd4UgruMglU85EhhEpmvsQ0JJJQbarLm/jOfNhF0iyXnEqpcnterF7PisihQ3SETpGDLlAV3aAaaiCKHtEzekPv1oP1ZL1Yrz/WJWt2c4D+wPr4BtHTmJQ=</latexit>

ω → Trs ε
2
s

Different quantities measure the entanglement between system and environment:

Purity:

Unitarity requires:

• 


• 


•

<latexit sha1_base64="G9DPdv+YTBRe3hZbcFekQYjMZOw=">AAAB9nicbZDNSsNAFIUn/tb6F+3SzWARXEhJRKoboaALlxX6B00ok+lNO3SSCTMTMYS+iq5E3fkgvoBv47Rmoa1n9c09Z+DeEyScKe04X9bK6tr6xmZpq7y9s7u3bx8cdpRIJYU2FVzIXkAUcBZDWzPNoZdIIFHAoRtMbmZ+9wGkYiJu6SwBPyKjmIWMEm1GA7uSezLCLTnF3pknxwJfY3dgV52aMxdeBreAKirUHNif3lDQNIJYU06U6rtOov2cSM0oh2nZSxUkhE7ICPoGYxKB8vP58lN8EgqJ9Rjw/P07m5NIqSwKTCYieqwWvdnwP6+f6vDKz1mcpBpiaiLGC1OOtcCzDvCQSaCaZwYIlcxsiemYSEK1aapszncXj12GznnNrdfq9xfVxm1RRAkdoWN0ilx0iRroDjVRG1GUoWf0ht6tR+vJerFef6IrVvGngv7I+vgGi/CRHw==</latexit>

Tr ω = 1
<latexit sha1_base64="2UUCJGgfojQwdBBAA79kol2WQFQ=">AAAB+HicbVDLSsNAFJ3UV62vqLhyM1gEVyURqW6Egi5cVrAPaGKZTG+SoZMHMxOhhv6LrkTd+R3+gH/jpGahrWdzz73nXLj3eClnUlnWl1FZWl5ZXauu1zY2t7Z3zN29rkwyQaFDE56IvkckcBZDRzHFoZ8KIJHHoeeNrwq99wBCsiS+U5MU3IgEMfMZJUqPhuaBI8IEX+Ki3OfOiAQBiOnQrFsNawa8SOyS1FGJ9tD8dEYJzSKIFeVEyoFtpcrNiVCMcpjWnExCSuiYBDDQNCYRSDefnT/Fx34isAoBz/rf3pxEUk4iT3siokI5rxXD/7RBpvwLN2dxmimIqbZozc84VgkuUsAjJoAqPtGEUMH0lZiGRBCqdFY1/b49/+wi6Z427GajeXtWb12XQVTRITpCJ8hG56iFblAbdRBFOXpGb+jdeDSejBfj9cdaMcqdffQHxsc3lueTAg==</latexit>

ω = ω†

<latexit sha1_base64="2pJ9MFWCWYMzodFuDgZZAww/k1A="></latexit>

→ω|ε|ω↑ ↓ 0 ↔ |ω↑ ↗ H

<latexit sha1_base64="hT/IShkcfc9L3n7EHXu8CLxkE3k=">AAACDXicbZDLTgIxFIY7eEO8oS7dNBIT44LMGIMuSXThEo1cEoaQM+UADe3M0HY0hPAM+jK6MurOjS/g21guCwX/RfP1/H+T/ieIBdfGdb+d1NLyyupaej2zsbm1vZPd3avoKFEMyywSkaoFoFHwEMuGG4G1WCHIQGA16F2O/eo9Ks2j8M4MYmxI6IS8zRkYO2pmT/xb3ukaUCp6oH6/n0BrelLXF9j3OyAljIl6zWzOzbsT0UXwZpAjM5Wa2S+/FbFEYmiYAK3rnhubxhCU4UzgKOMnGmNgPehg3WIIEnVjOOk0okftSFHTRTq5/84OQWo9kIHNSDBdPe+Nh/959cS0LxpDHsaJwZDZiPXaiaAmouPV0BZXyIwYWACmuP0lZV1QwIxdYMbW9+bLLkLlNO8V8oWbs1zxaraINDkgh+SYeOScFMk1KZEyYeSJvJB38uE8Os/Oq/M2jaac2Zt98kfO5w9+J5vC</latexit>→ 0 ↑ ω ↑ 1



<latexit sha1_base64="4jLSnV5VRcTtGui1LsiWxPG7JXw=">AAACB3icbVDLTsJAFJ36RHyhLt1MRBMXhrTEoEsSXbjEhFdCazMdLnTCTFtnpiSk4QP0Z3Rl1J17f8C/cUAWCp7Vufecm9xzgoQzpW37y1paXlldW89t5De3tnd2C3v7TRWnkkKDxjyW7YAo4CyChmaaQzuRQETAoRUMriZ6awhSsTiq61ECniD9iPUYJdqs/MKx2ydCEOzCfcqGOHOlwHU59hV2z7Arw9hXd2W/ULRL9hR4kTgzUkQz1PzCp9uNaSog0pQTpTqOnWgvI1IzymGcd1MFCaED0oeOoRERoLxsmmaMT3qxxDoEPJ1/ezMilBqJwHgE0aGa1ybL/7ROqnuXXsaiJNUQUWMxWi/lWMd4UgruMglU85EhhEpmvsQ0JJJQbarLm/jOfNhF0iyXnEqpcnterF7PisihQ3SETpGDLlAV3aAaaiCKHtEzekPv1oP1ZL1Yrz/WJWt2c4D+wPr4BtHTmJQ=</latexit>

ω → Trs ε
2
s

Different quantities measure the entanglement between system and environment:

Purity:
   (no entanglement)<latexit sha1_base64="BEVfISDkCuk7mkEDJUo6nY9q1JA=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9csVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/1lIqe</latexit>

= 1

   (maximally entangled)
<latexit sha1_base64="XzoKRF+4E/wYtCxolazL3eA9VL4=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9ssVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/0Foqd</latexit>

= 0

Unitarity requires:

• 


• 


•

<latexit sha1_base64="G9DPdv+YTBRe3hZbcFekQYjMZOw=">AAAB9nicbZDNSsNAFIUn/tb6F+3SzWARXEhJRKoboaALlxX6B00ok+lNO3SSCTMTMYS+iq5E3fkgvoBv47Rmoa1n9c09Z+DeEyScKe04X9bK6tr6xmZpq7y9s7u3bx8cdpRIJYU2FVzIXkAUcBZDWzPNoZdIIFHAoRtMbmZ+9wGkYiJu6SwBPyKjmIWMEm1GA7uSezLCLTnF3pknxwJfY3dgV52aMxdeBreAKirUHNif3lDQNIJYU06U6rtOov2cSM0oh2nZSxUkhE7ICPoGYxKB8vP58lN8EgqJ9Rjw/P07m5NIqSwKTCYieqwWvdnwP6+f6vDKz1mcpBpiaiLGC1OOtcCzDvCQSaCaZwYIlcxsiemYSEK1aapszncXj12GznnNrdfq9xfVxm1RRAkdoWN0ilx0iRroDjVRG1GUoWf0ht6tR+vJerFef6IrVvGngv7I+vgGi/CRHw==</latexit>

Tr ω = 1
<latexit sha1_base64="2UUCJGgfojQwdBBAA79kol2WQFQ=">AAAB+HicbVDLSsNAFJ3UV62vqLhyM1gEVyURqW6Egi5cVrAPaGKZTG+SoZMHMxOhhv6LrkTd+R3+gH/jpGahrWdzz73nXLj3eClnUlnWl1FZWl5ZXauu1zY2t7Z3zN29rkwyQaFDE56IvkckcBZDRzHFoZ8KIJHHoeeNrwq99wBCsiS+U5MU3IgEMfMZJUqPhuaBI8IEX+Ki3OfOiAQBiOnQrFsNawa8SOyS1FGJ9tD8dEYJzSKIFeVEyoFtpcrNiVCMcpjWnExCSuiYBDDQNCYRSDefnT/Fx34isAoBz/rf3pxEUk4iT3siokI5rxXD/7RBpvwLN2dxmimIqbZozc84VgkuUsAjJoAqPtGEUMH0lZiGRBCqdFY1/b49/+wi6Z427GajeXtWb12XQVTRITpCJ8hG56iFblAbdRBFOXpGb+jdeDSejBfj9cdaMcqdffQHxsc3lueTAg==</latexit>

ω = ω†

<latexit sha1_base64="2pJ9MFWCWYMzodFuDgZZAww/k1A="></latexit>

→ω|ε|ω↑ ↓ 0 ↔ |ω↑ ↗ H

<latexit sha1_base64="hT/IShkcfc9L3n7EHXu8CLxkE3k=">AAACDXicbZDLTgIxFIY7eEO8oS7dNBIT44LMGIMuSXThEo1cEoaQM+UADe3M0HY0hPAM+jK6MurOjS/g21guCwX/RfP1/H+T/ieIBdfGdb+d1NLyyupaej2zsbm1vZPd3avoKFEMyywSkaoFoFHwEMuGG4G1WCHIQGA16F2O/eo9Ks2j8M4MYmxI6IS8zRkYO2pmT/xb3ukaUCp6oH6/n0BrelLXF9j3OyAljIl6zWzOzbsT0UXwZpAjM5Wa2S+/FbFEYmiYAK3rnhubxhCU4UzgKOMnGmNgPehg3WIIEnVjOOk0okftSFHTRTq5/84OQWo9kIHNSDBdPe+Nh/959cS0LxpDHsaJwZDZiPXaiaAmouPV0BZXyIwYWACmuP0lZV1QwIxdYMbW9+bLLkLlNO8V8oWbs1zxaraINDkgh+SYeOScFMk1KZEyYeSJvJB38uE8Os/Oq/M2jaac2Zt98kfO5w9+J5vC</latexit>→ 0 ↑ ω ↑ 1



<latexit sha1_base64="4jLSnV5VRcTtGui1LsiWxPG7JXw=">AAACB3icbVDLTsJAFJ36RHyhLt1MRBMXhrTEoEsSXbjEhFdCazMdLnTCTFtnpiSk4QP0Z3Rl1J17f8C/cUAWCp7Vufecm9xzgoQzpW37y1paXlldW89t5De3tnd2C3v7TRWnkkKDxjyW7YAo4CyChmaaQzuRQETAoRUMriZ6awhSsTiq61ECniD9iPUYJdqs/MKx2ydCEOzCfcqGOHOlwHU59hV2z7Arw9hXd2W/ULRL9hR4kTgzUkQz1PzCp9uNaSog0pQTpTqOnWgvI1IzymGcd1MFCaED0oeOoRERoLxsmmaMT3qxxDoEPJ1/ezMilBqJwHgE0aGa1ybL/7ROqnuXXsaiJNUQUWMxWi/lWMd4UgruMglU85EhhEpmvsQ0JJJQbarLm/jOfNhF0iyXnEqpcnterF7PisihQ3SETpGDLlAV3aAaaiCKHtEzekPv1oP1ZL1Yrz/WJWt2c4D+wPr4BtHTmJQ=</latexit>

ω → Trs ε
2
s

Different quantities measure the entanglement between system and environment:

Purity:
   (no entanglement)<latexit sha1_base64="BEVfISDkCuk7mkEDJUo6nY9q1JA=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9csVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/1lIqe</latexit>

= 1

   (maximally entangled)
<latexit sha1_base64="XzoKRF+4E/wYtCxolazL3eA9VL4=">AAAB43icbZDNSgMxFIXv1L9a/6ou3QSL4KrMiFQ3QkEXLqvYH2iHkknvtKGZzJBkhDL0CXQl6s438gV8G9M6C209qy/3nMA9N0gE18Z1v5zCyura+kZxs7S1vbO7V94/aOk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD3z24+oNI/lg5kk6Ed0KHnIGTV2dH/l9ssVt+rORZbBy6ECuRr98mdvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYljVD72XzTKTkJY0XMCMn8/Tub0UjrSRTYTETNSC96s+F/Xjc14aWfcZmkBiWzEeuFqSAmJrPCZMAVMiMmFihT3G5J2Igqyow9S8nW9xbLLkPrrOrVqrW780r9Jj9EEY7gGE7Bgwuowy00oAkMQniGN3h30HlyXpzXn2jByf8cwh85H9/0Foqd</latexit>

= 0

Unitarity requires:

• 


• 


•

<latexit sha1_base64="G9DPdv+YTBRe3hZbcFekQYjMZOw=">AAAB9nicbZDNSsNAFIUn/tb6F+3SzWARXEhJRKoboaALlxX6B00ok+lNO3SSCTMTMYS+iq5E3fkgvoBv47Rmoa1n9c09Z+DeEyScKe04X9bK6tr6xmZpq7y9s7u3bx8cdpRIJYU2FVzIXkAUcBZDWzPNoZdIIFHAoRtMbmZ+9wGkYiJu6SwBPyKjmIWMEm1GA7uSezLCLTnF3pknxwJfY3dgV52aMxdeBreAKirUHNif3lDQNIJYU06U6rtOov2cSM0oh2nZSxUkhE7ICPoGYxKB8vP58lN8EgqJ9Rjw/P07m5NIqSwKTCYieqwWvdnwP6+f6vDKz1mcpBpiaiLGC1OOtcCzDvCQSaCaZwYIlcxsiemYSEK1aapszncXj12GznnNrdfq9xfVxm1RRAkdoWN0ilx0iRroDjVRG1GUoWf0ht6tR+vJerFef6IrVvGngv7I+vgGi/CRHw==</latexit>

Tr ω = 1
<latexit sha1_base64="2UUCJGgfojQwdBBAA79kol2WQFQ=">AAAB+HicbVDLSsNAFJ3UV62vqLhyM1gEVyURqW6Egi5cVrAPaGKZTG+SoZMHMxOhhv6LrkTd+R3+gH/jpGahrWdzz73nXLj3eClnUlnWl1FZWl5ZXauu1zY2t7Z3zN29rkwyQaFDE56IvkckcBZDRzHFoZ8KIJHHoeeNrwq99wBCsiS+U5MU3IgEMfMZJUqPhuaBI8IEX+Ki3OfOiAQBiOnQrFsNawa8SOyS1FGJ9tD8dEYJzSKIFeVEyoFtpcrNiVCMcpjWnExCSuiYBDDQNCYRSDefnT/Fx34isAoBz/rf3pxEUk4iT3siokI5rxXD/7RBpvwLN2dxmimIqbZozc84VgkuUsAjJoAqPtGEUMH0lZiGRBCqdFY1/b49/+wi6Z427GajeXtWb12XQVTRITpCJ8hG56iFblAbdRBFOXpGb+jdeDSejBfj9cdaMcqdffQHxsc3lueTAg==</latexit>

ω = ω†

<latexit sha1_base64="2pJ9MFWCWYMzodFuDgZZAww/k1A="></latexit>

→ω|ε|ω↑ ↓ 0 ↔ |ω↑ ↗ H

<latexit sha1_base64="hT/IShkcfc9L3n7EHXu8CLxkE3k=">AAACDXicbZDLTgIxFIY7eEO8oS7dNBIT44LMGIMuSXThEo1cEoaQM+UADe3M0HY0hPAM+jK6MurOjS/g21guCwX/RfP1/H+T/ieIBdfGdb+d1NLyyupaej2zsbm1vZPd3avoKFEMyywSkaoFoFHwEMuGG4G1WCHIQGA16F2O/eo9Ks2j8M4MYmxI6IS8zRkYO2pmT/xb3ukaUCp6oH6/n0BrelLXF9j3OyAljIl6zWzOzbsT0UXwZpAjM5Wa2S+/FbFEYmiYAK3rnhubxhCU4UzgKOMnGmNgPehg3WIIEnVjOOk0okftSFHTRTq5/84OQWo9kIHNSDBdPe+Nh/959cS0LxpDHsaJwZDZiPXaiaAmouPV0BZXyIwYWACmuP0lZV1QwIxdYMbW9+bLLkLlNO8V8oWbs1zxaraINDkgh+SYeOScFMk1KZEyYeSJvJB38uE8Os/Oq/M2jaac2Zt98kfO5w9+J5vC</latexit>→ 0 ↑ ω ↑ 1

What about using the purity lower bound to diagnose the breakdown of perturbation theory?
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Coupling
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1

0
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1

<latexit sha1_base64="bTYfqqlfpxjKamxCTiwZHO9XfoM="></latexit>

ω(g) = 1→
g2

2

∣∣∣∣
ε2ω

εg2

∣∣∣∣+O(g3)



Outline
Introducing the problem… 

• Perturbative unitarity bounds 

Proposing a solution… 

• Entanglement in QFT 

• Computing the purity 

Reporting on the results… 

• Bounds in flat space 

• Bounds in de Sitter space



The density matrix of the interacting vacuum       is
<latexit sha1_base64="v989uqvc+C7nCRv4ZwEUsK9xBvU=">AAACB3icbVA7T8MwGHTKq5RXgJHFoiAxVQlChQWpEgxsFIk+pCaqHPdLa9V5yHaQqrQ/AP4MTAjY2PkD/BvcNAO03OLz3VnynRdzJpVlfRuFpeWV1bXiemljc2t7x9zda8ooERQaNOKRaHtEAmchNBRTHNqxABJ4HFre8Grqtx5ASBaF92oUgxuQfsh8RonSUtc8csQgwpd47NwG0CeOIGGfg8NnR6bhcdcsWxUrA14kdk7KKEe9a345vYgmAYSKciJlx7Zi5aZEKEY5TEpOIiEmdEj60NE0JAFIN83aTPCxHwmsBoCz++9sSgIpR4GnMwFRAznvTcX/vE6i/As3ZWGcKAipjmjPTzhWEZ6OgntMAFV8pAmhgulfYjogglClpyvp+vZ82UXSPK3Y1Ur17qxcu86HKKIDdIhOkI3OUQ3doDpqIIqe0At6Rx/Go/FsvBpvs2jByN/soz8wPn8AngiZHQ==</latexit>

ω = |!→↑!|

<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→



The density matrix of the interacting vacuum       is
<latexit sha1_base64="v989uqvc+C7nCRv4ZwEUsK9xBvU=">AAACB3icbVA7T8MwGHTKq5RXgJHFoiAxVQlChQWpEgxsFIk+pCaqHPdLa9V5yHaQqrQ/AP4MTAjY2PkD/BvcNAO03OLz3VnynRdzJpVlfRuFpeWV1bXiemljc2t7x9zda8ooERQaNOKRaHtEAmchNBRTHNqxABJ4HFre8Grqtx5ASBaF92oUgxuQfsh8RonSUtc8csQgwpd47NwG0CeOIGGfg8NnR6bhcdcsWxUrA14kdk7KKEe9a345vYgmAYSKciJlx7Zi5aZEKEY5TEpOIiEmdEj60NE0JAFIN83aTPCxHwmsBoCz++9sSgIpR4GnMwFRAznvTcX/vE6i/As3ZWGcKAipjmjPTzhWEZ6OgntMAFV8pAmhgulfYjogglClpyvp+vZ82UXSPK3Y1Ur17qxcu86HKKIDdIhOkI3OUQ3doDpqIIqe0At6Rx/Go/FsvBpvs2jByN/soz8wPn8AngiZHQ==</latexit>

ω = |!→↑!|

In the basis of field eigenstates,
<latexit sha1_base64="I2wxWBknQRu6J7Jgqs+/WAsPOQk="></latexit>

ω̂|ω→ = ω|ω→ ; I =

∫
Dω |ω→↑ω|

it takes the form
<latexit sha1_base64="29yLLTKuJJJLp+iiQ2zxVIelbZM="></latexit>

ω = |!→↑!| =
∫

DεDε̄ |ε→↑ε|!→↑!|ε̄→↑ε̄|

<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→



The density matrix of the interacting vacuum       is
<latexit sha1_base64="v989uqvc+C7nCRv4ZwEUsK9xBvU=">AAACB3icbVA7T8MwGHTKq5RXgJHFoiAxVQlChQWpEgxsFIk+pCaqHPdLa9V5yHaQqrQ/AP4MTAjY2PkD/BvcNAO03OLz3VnynRdzJpVlfRuFpeWV1bXiemljc2t7x9zda8ooERQaNOKRaHtEAmchNBRTHNqxABJ4HFre8Grqtx5ASBaF92oUgxuQfsh8RonSUtc8csQgwpd47NwG0CeOIGGfg8NnR6bhcdcsWxUrA14kdk7KKEe9a345vYgmAYSKciJlx7Zi5aZEKEY5TEpOIiEmdEj60NE0JAFIN83aTPCxHwmsBoCz++9sSgIpR4GnMwFRAznvTcX/vE6i/As3ZWGcKAipjmjPTzhWEZ6OgntMAFV8pAmhgulfYjogglClpyvp+vZ82UXSPK3Y1Ur17qxcu86HKKIDdIhOkI3OUQ3doDpqIIqe0At6Rx/Go/FsvBpvs2jByN/soz8wPn8AngiZHQ==</latexit>

ω = |!→↑!|

In the basis of field eigenstates,
<latexit sha1_base64="I2wxWBknQRu6J7Jgqs+/WAsPOQk="></latexit>

ω̂|ω→ = ω|ω→ ; I =

∫
Dω |ω→↑ω|

it takes the form
<latexit sha1_base64="29yLLTKuJJJLp+iiQ2zxVIelbZM="></latexit>

ω = |!→↑!| =
∫

DεDε̄ |ε→↑ε|!→↑!|ε̄→↑ε̄|

<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→

<latexit sha1_base64="yKWFpw8y8ILjO/1AQ1ghVs3CwXg=">AAACG3icbZBLS8NAFIUnPmt9RV26GSxCdVESkdqNUNCFywr2AUkMk+mkGTp5MDMRSuhP0T+jK6nuXPhvnMSA2npX373nDMw5XsKokIbxqS0tr6yurVc2qptb2zu7+t5+T8Qpx6SLYxbzgYcEYTQiXUklI4OEExR6jPS98VWu9x8IFzSO7uQkIU6IRhH1KUZSnVy9Vbd5EJ+4mZ0E1PYQL2A6hZfQ7ggKrXx1CrZ+ZOf+1NVrRsMoBi6CWUINlNNx9Zk9jHEakkhihoSwTCORToa4pJiRadVOBUkQHqMRsRRGKCTCyYqEU3jsxxzKgMBi/+3NUCjEJPSUJ0QyEPNafvxPs1Lpt5yMRkkqSYSVRWl+yqCMYV4UHFJOsGQTBQhzqn4JcYA4wlLVWVXxzfmwi9A7a5jNRvP2vNa+LouogENwBOrABBegDW5AB3QBBk/gBbyBd+1Re9Zetdm3dUkr3xyAP6N9fAGRqqEV</latexit>

(ω)ωω̄ = ![ε]![ε̄]→



We parameterise the vacuum wavefunction of a field theory as

<latexit sha1_base64="Vr9UyE7P1H0/fBu34CnvwY1xC7g="></latexit>

![ω; t0] = →ω; t0|”↑ = exp

[ →∑

n=2

1

n!

∫

ωka

εn(ϑka; t0)ωωk1
· · ·ωωkn

]



We parameterise the vacuum wavefunction of a field theory as

<latexit sha1_base64="Vr9UyE7P1H0/fBu34CnvwY1xC7g="></latexit>

![ω; t0] = →ω; t0|”↑ = exp

[ →∑

n=2

1

n!

∫

ωka

εn(ϑka; t0)ωωk1
· · ·ωωkn

]

<latexit sha1_base64="vQwqmRbubsn7BhkmcFXaksFW3yc=">AAAB5HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliS5cYhQhgQnpaWqgQ88j3TUmhPAHujLqzi/yB/wbG5yFgnd1uu7tpG4FqZKGXPfLKaysrq1vFDdLW9s7u3vl/YMHk2RaYFMkKtHtgBtUMsYmSVLYTjXyKFDYCkZXM7/1iNrIJL6ncYp+xAexDKXgZEd31HN75Ypbdediy+DlUIFcjV75s9tPRBZhTEJxYzqem5I/4ZqkUDgtdTODKRcjPsCOxZhHaPzJfNUpOwkTzWiIbP7+nZ3wyJhxFNhMxGloFr3Z8D+vk1F46U9knGaEsbAR64WZYpSwWWPWlxoFqbEFLrS0WzIx5JoLsncp2freYtlleDirerVq7fa8Ur/OD1GEIziGU/DgAupwAw1ogoABPMMbvDuh8+S8OK8/0YKT/zmEP3I+vgH544s9</latexit>

t0It gives the probability amplitude of finding some spatial field configuration at time    :

Time
<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→

Field configuration
<latexit sha1_base64="67wREhX6JytkosyJnDW0Ef1Yne0=">AAACEHicbVDLTgIxFO3gC/E16tJNIzHBRMkMIaA7El24xEQeCTMhnXKBhs4jbYdIJvMT+jO6MurO+AP+jQVZKHg299x7Tpt7jxdxJpVlfRmZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6Gqqt8YgJAuDOzWJwPXJIGB9RonSo655njizTzpi4LmJdWYVy5VSVZdq6bKcYicasoIzBprcp6c47Zp5q2jNgJeJPSd5NEe9a346vZDGPgSKciJlx7Yi5SZEKEY5pDknlhAROiID6GgaEB+km8w2SvFJPxRYDQHP+t/ehPhSTnxPe3yihnJRmw7/0zqx6l+4CQuiWEFAtUVr/ZhjFeJpOrjHBFDFJ5oQKpjeEtMhEYQqnWFOn28vHrtMmqWiXSlWbsv52vU8iCw6QseogGxURTV0g+qogSh6RM/oDb0bD8aT8WK8/lgzxvzNIfoD4+Mb8fKakg==</latexit>

ω(εx)

<latexit sha1_base64="nN4q9zBV04UZFlDwJcuRl/qNHoA=">AAACC3icbVDLTsJAFL31ifiqunQzkZiwMKQlAi5JdOESE3kk0DTTYYAJ00dmpiak6Sfoz+jKqDt3/oB/41C7EPBs7rn3nJnce7yIM6ks69tYW9/Y3Nou7BR39/YPDs2j444MY0Fom4Q8FD0PS8pZQNuKKU57kaDY9zjtetPrud59oEKyMLhXs4g6Ph4HbMQIVnrkmuVkkH3SF2PPSaxKrVGtXSyUFCnXQqlrlqyKlQGtEjsnJcjRcs2vwTAksU8DRTiWsm9bkXISLBQjnKbFQSxphMkUj2lf0wD7VDpJtkyKzkehQGpCUdb/9SbYl3Lme9rjYzWRy9p8+J/Wj9XoyklYEMWKBkRbtDaKOVIhmgeDhkxQovhME0wE01siMsECE6XjK+rz7eVjV0mnWrHrlfrdZal5kwdRgFM4gzLY0IAm3EIL2kDgCV7gHT6MR+PZeDXefq1rRv7mBBZgfP4Af6yXaQ==</latexit>

t0



We parameterise the vacuum wavefunction of a field theory as

<latexit sha1_base64="Vr9UyE7P1H0/fBu34CnvwY1xC7g="></latexit>

![ω; t0] = →ω; t0|”↑ = exp

[ →∑

n=2

1

n!

∫

ωka

εn(ϑka; t0)ωωk1
· · ·ωωkn

]

<latexit sha1_base64="vQwqmRbubsn7BhkmcFXaksFW3yc=">AAAB5HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliS5cYhQhgQnpaWqgQ88j3TUmhPAHujLqzi/yB/wbG5yFgnd1uu7tpG4FqZKGXPfLKaysrq1vFDdLW9s7u3vl/YMHk2RaYFMkKtHtgBtUMsYmSVLYTjXyKFDYCkZXM7/1iNrIJL6ncYp+xAexDKXgZEd31HN75Ypbdediy+DlUIFcjV75s9tPRBZhTEJxYzqem5I/4ZqkUDgtdTODKRcjPsCOxZhHaPzJfNUpOwkTzWiIbP7+nZ3wyJhxFNhMxGloFr3Z8D+vk1F46U9knGaEsbAR64WZYpSwWWPWlxoFqbEFLrS0WzIx5JoLsncp2freYtlleDirerVq7fa8Ur/OD1GEIziGU/DgAupwAw1ogoABPMMbvDuh8+S8OK8/0YKT/zmEP3I+vgH544s9</latexit>

t0It gives the probability amplitude of finding some spatial field configuration at time    :

Time
<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→

Field configuration
<latexit sha1_base64="67wREhX6JytkosyJnDW0Ef1Yne0=">AAACEHicbVDLTgIxFO3gC/E16tJNIzHBRMkMIaA7El24xEQeCTMhnXKBhs4jbYdIJvMT+jO6MurO+AP+jQVZKHg299x7Tpt7jxdxJpVlfRmZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6Gqqt8YgJAuDOzWJwPXJIGB9RonSo655njizTzpi4LmJdWYVy5VSVZdq6bKcYicasoIzBprcp6c47Zp5q2jNgJeJPSd5NEe9a346vZDGPgSKciJlx7Yi5SZEKEY5pDknlhAROiID6GgaEB+km8w2SvFJPxRYDQHP+t/ehPhSTnxPe3yihnJRmw7/0zqx6l+4CQuiWEFAtUVr/ZhjFeJpOrjHBFDFJ5oQKpjeEtMhEYQqnWFOn28vHrtMmqWiXSlWbsv52vU8iCw6QseogGxURTV0g+qogSh6RM/oDb0bD8aT8WK8/lgzxvzNIfoD4+Mb8fKakg==</latexit>

ω(εx)

<latexit sha1_base64="nN4q9zBV04UZFlDwJcuRl/qNHoA=">AAACC3icbVDLTsJAFL31ifiqunQzkZiwMKQlAi5JdOESE3kk0DTTYYAJ00dmpiak6Sfoz+jKqDt3/oB/41C7EPBs7rn3nJnce7yIM6ks69tYW9/Y3Nou7BR39/YPDs2j444MY0Fom4Q8FD0PS8pZQNuKKU57kaDY9zjtetPrud59oEKyMLhXs4g6Ph4HbMQIVnrkmuVkkH3SF2PPSaxKrVGtXSyUFCnXQqlrlqyKlQGtEjsnJcjRcs2vwTAksU8DRTiWsm9bkXISLBQjnKbFQSxphMkUj2lf0wD7VDpJtkyKzkehQGpCUdb/9SbYl3Lme9rjYzWRy9p8+J/Wj9XoyklYEMWKBkRbtDaKOVIhmgeDhkxQovhME0wE01siMsECE6XjK+rz7eVjV0mnWrHrlfrdZal5kwdRgFM4gzLY0IAm3EIL2kDgCV7gHT6MR+PZeDXefq1rRv7mBBZgfP4Af6yXaQ==</latexit>

t0

Correlation functions are then:
<latexit sha1_base64="cUKCSBZgZJQ/BM3AYBzkkbBFiWw="></latexit>

→ωωk1
· · ·ωωkn

↑(t0) =
∫

Dωωωk1
· · ·ωωkn

|![ω; t0]|2



We parameterise the vacuum wavefunction of a field theory as

<latexit sha1_base64="Vr9UyE7P1H0/fBu34CnvwY1xC7g="></latexit>

![ω; t0] = →ω; t0|”↑ = exp

[ →∑

n=2

1

n!

∫

ωka

εn(ϑka; t0)ωωk1
· · ·ωωkn

]

<latexit sha1_base64="vQwqmRbubsn7BhkmcFXaksFW3yc=">AAAB5HicbZDLTgJBEEVr8IX4Ql266UhMXJEZY9AliS5cYhQhgQnpaWqgQ88j3TUmhPAHujLqzi/yB/wbG5yFgnd1uu7tpG4FqZKGXPfLKaysrq1vFDdLW9s7u3vl/YMHk2RaYFMkKtHtgBtUMsYmSVLYTjXyKFDYCkZXM7/1iNrIJL6ncYp+xAexDKXgZEd31HN75Ypbdediy+DlUIFcjV75s9tPRBZhTEJxYzqem5I/4ZqkUDgtdTODKRcjPsCOxZhHaPzJfNUpOwkTzWiIbP7+nZ3wyJhxFNhMxGloFr3Z8D+vk1F46U9knGaEsbAR64WZYpSwWWPWlxoFqbEFLrS0WzIx5JoLsncp2freYtlleDirerVq7fa8Ur/OD1GEIziGU/DgAupwAw1ogoABPMMbvDuh8+S8OK8/0YKT/zmEP3I+vgH544s9</latexit>

t0It gives the probability amplitude of finding some spatial field configuration at time    :

Time
<latexit sha1_base64="thjoMHCTw2QMhmwer0n42gztIDM=">AAAB73icbZC9TsMwFIWd8lfKX4GRxaJCYqoShApjJRjYKBL9kdpQOe5NatV2gu0gVaHPARMCNt6FF+BtcEsGaDnT53uOpXtukHCmjet+OYWl5ZXVteJ6aWNza3unvLvX0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0MfXbD6A0i+WtGSfgCxJJFjJKjB3dPfauBUSkp4iMOPTLFbfqzoQXwcuhgnI1+uXP3iCmqQBpKCdadz03MX5GlGGUw6TUSzUkhI5IBF2LkgjQfjbbeoKPwlhhMwQ8e//OZkRoPRaBzQhihnremw7/87qpCc/9jMkkNSCpjVgvTDk2MZ6WxwOmgBo+tkCoYnZLTIdEEWrsiUq2vjdfdhFaJ1WvVq3dnFbql/khiugAHaJj5KEzVEdXqIGaiCKFntEbenfunSfnxXn9iRac/M8++iPn4xuGupA+</latexit>

|!→

Field configuration
<latexit sha1_base64="67wREhX6JytkosyJnDW0Ef1Yne0=">AAACEHicbVDLTgIxFO3gC/E16tJNIzHBRMkMIaA7El24xEQeCTMhnXKBhs4jbYdIJvMT+jO6MurO+AP+jQVZKHg299x7Tpt7jxdxJpVlfRmZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6Gqqt8YgJAuDOzWJwPXJIGB9RonSo655njizTzpi4LmJdWYVy5VSVZdq6bKcYicasoIzBprcp6c47Zp5q2jNgJeJPSd5NEe9a346vZDGPgSKciJlx7Yi5SZEKEY5pDknlhAROiID6GgaEB+km8w2SvFJPxRYDQHP+t/ehPhSTnxPe3yihnJRmw7/0zqx6l+4CQuiWEFAtUVr/ZhjFeJpOrjHBFDFJ5oQKpjeEtMhEYQqnWFOn28vHrtMmqWiXSlWbsv52vU8iCw6QseogGxURTV0g+qogSh6RM/oDb0bD8aT8WK8/lgzxvzNIfoD4+Mb8fKakg==</latexit>

ω(εx)

<latexit sha1_base64="nN4q9zBV04UZFlDwJcuRl/qNHoA=">AAACC3icbVDLTsJAFL31ifiqunQzkZiwMKQlAi5JdOESE3kk0DTTYYAJ00dmpiak6Sfoz+jKqDt3/oB/41C7EPBs7rn3nJnce7yIM6ks69tYW9/Y3Nou7BR39/YPDs2j444MY0Fom4Q8FD0PS8pZQNuKKU57kaDY9zjtetPrud59oEKyMLhXs4g6Ph4HbMQIVnrkmuVkkH3SF2PPSaxKrVGtXSyUFCnXQqlrlqyKlQGtEjsnJcjRcs2vwTAksU8DRTiWsm9bkXISLBQjnKbFQSxphMkUj2lf0wD7VDpJtkyKzkehQGpCUdb/9SbYl3Lme9rjYzWRy9p8+J/Wj9XoyklYEMWKBkRbtDaKOVIhmgeDhkxQovhME0wE01siMsECE6XjK+rz7eVjV0mnWrHrlfrdZal5kwdRgFM4gzLY0IAm3EIL2kDgCV7gHT6MR+PZeDXefq1rRv7mBBZgfP4Af6yXaQ==</latexit>

t0

Correlation functions are then:
<latexit sha1_base64="cUKCSBZgZJQ/BM3AYBzkkbBFiWw="></latexit>

→ωωk1
· · ·ωωkn

↑(t0) =
∫

Dωωωk1
· · ·ωωkn

|![ω; t0]|2

We will separate the dependence on system and 
environment:

<latexit sha1_base64="k5wxoBjNUzlKaLX4i0Gdx48yq+U=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VwUUoiUt0IBV24rGBroQlhMr1thk4ezEwKJfQj9Gd0JepO8Af8G6cxiLaezZx7z7kw5/gJZ1JZ1qdRWlpeWV0rr1c2Nre2d8zdvY6MU0GhTWMei65PJHAWQVsxxaGbCCChz+HOH13O9LsxCMni6FZNEnBDMozYgFGi9Moza05Lsp6TBMzFF/hn8GQtfzJnTAQkkvE4mrqeWbXqVg68SOyCVFGBlmd+OP2YpiFEinIiZc+2EuVmRChGOUwrTiohIXREhtDTNCIhSDfLU03x0SAWWAWA8/m3NyOhlJPQ156QqEDOa7Plf1ovVYNzN2NRkiqIqLZobZByrGI8Kwf3mQCq+EQTQgXTv8Q0IIJQpSus6Pj2fNhF0jmp24164+a02rwqiiijA3SIjpGNzlATXaMWaiOKHtATekVvxr3xaDwbL9/WklHc7KM/MN6/AES4nM0=</latexit>

![ω] = ![ωs,ωω]



<latexit sha1_base64="r6cuDBERCTeOSStyyLL0CqQ4kh8=">AAACD3icbVDLSsNAFJ34rPUVdelmsAguSklEqsuCLlxW6AuaEibTm3boJBNnJoUS8hH6M7oSdSf4A/6N09qFtp7VufecC/ecIOFMacf5slZW19Y3Ngtbxe2d3b19++CwpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0PdXbY5CKibihJwn0IjKIWcgo0Wbl22VPDoWvsAf3KRvjzJMRbsjcz7wxkZAoxkWcY6+MZz675FScGfAyceekhOao+/an1xc0jSDWlBOluq6T6F5GpGaUQ170UgUJoSMygK6hMYlA9bJZqhyfhkJiPQQ8m397MxIpNYkC44mIHqpFbbr8T+umOrzqZSxOUg0xNRajhSnHWuBpObjPJFDNJ4YQKpn5EtMhkYRqU2HRxHcXwy6T1nnFrVaqdxel2s28iAI6RifoDLnoEtXQLaqjJqLoET2jN/RuPVhP1ov1+mNdseY3R+gPrI9vQPicvg==</latexit>

ωs → Trω ω
<latexit sha1_base64="fNdW1qNl00xC32gbdYWDXrDGeSk=">AAAB63icbZDLTgIxFIY7eEO8oS7dNBITV2TGGHRJIguXmMglwoR0yhlo6GXSdiSE8BS6MurOt/EFfBsLzkLBf/X1/H+T858o4cxY3//ycmvrG5tb+e3Czu7e/kHx8KhpVKopNKjiSrcjYoAzCQ3LLId2ooGIiEMrGt3M/dYjaMOUvLeTBEJBBpLFjBLrRg/dmhpLorUa94olv+wvhFchyKCEMtV7xc9uX9FUgLSUE2M6gZ/YcEq0ZZTDrNBNDSSEjsgAOg4lEWDC6WLjGT6LlcZ2CHjx/p2dEmHMREQuI4gdmmVvPvzP66Q2vg6nTCapBUldxHlxyrFVeF4c95kGavnEAaGauS0xHRJNqHXnKbj6wXLZVWhelINKuXJ3WarWskPk0Qk6RecoQFeoim5RHTUQRRI9ozf07gnvyXvxXn+iOS/7c4z+yPv4BrCYjp8=</latexit>

→
<latexit sha1_base64="gVyMeG6NQ6gMTSAZMalwERZoxN4="></latexit>

(ωs)ωsω̄s
=

∫
Dεε (ω)ωω̄

∣∣∣∣
ωω=ω̄ω

=

∫
Dεε ![εε,εs]![εε, ε̄s]

→



<latexit sha1_base64="r6cuDBERCTeOSStyyLL0CqQ4kh8=">AAACD3icbVDLSsNAFJ34rPUVdelmsAguSklEqsuCLlxW6AuaEibTm3boJBNnJoUS8hH6M7oSdSf4A/6N09qFtp7VufecC/ecIOFMacf5slZW19Y3Ngtbxe2d3b19++CwpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0PdXbY5CKibihJwn0IjKIWcgo0Wbl22VPDoWvsAf3KRvjzJMRbsjcz7wxkZAoxkWcY6+MZz675FScGfAyceekhOao+/an1xc0jSDWlBOluq6T6F5GpGaUQ170UgUJoSMygK6hMYlA9bJZqhyfhkJiPQQ8m397MxIpNYkC44mIHqpFbbr8T+umOrzqZSxOUg0xNRajhSnHWuBpObjPJFDNJ4YQKpn5EtMhkYRqU2HRxHcXwy6T1nnFrVaqdxel2s28iAI6RifoDLnoEtXQLaqjJqLoET2jN/RuPVhP1ov1+mNdseY3R+gPrI9vQPicvg==</latexit>

ωs → Trω ω
<latexit sha1_base64="fNdW1qNl00xC32gbdYWDXrDGeSk=">AAAB63icbZDLTgIxFIY7eEO8oS7dNBITV2TGGHRJIguXmMglwoR0yhlo6GXSdiSE8BS6MurOt/EFfBsLzkLBf/X1/H+T858o4cxY3//ycmvrG5tb+e3Czu7e/kHx8KhpVKopNKjiSrcjYoAzCQ3LLId2ooGIiEMrGt3M/dYjaMOUvLeTBEJBBpLFjBLrRg/dmhpLorUa94olv+wvhFchyKCEMtV7xc9uX9FUgLSUE2M6gZ/YcEq0ZZTDrNBNDSSEjsgAOg4lEWDC6WLjGT6LlcZ2CHjx/p2dEmHMREQuI4gdmmVvPvzP66Q2vg6nTCapBUldxHlxyrFVeF4c95kGavnEAaGauS0xHRJNqHXnKbj6wXLZVWhelINKuXJ3WarWskPk0Qk6RecoQFeoim5RHTUQRRI9ozf07gnvyXvxXn+iOS/7c4z+yPv4BrCYjp8=</latexit>

→
<latexit sha1_base64="gVyMeG6NQ6gMTSAZMalwERZoxN4="></latexit>

(ωs)ωsω̄s
=

∫
Dεε (ω)ωω̄

∣∣∣∣
ωω=ω̄ω

=

∫
Dεε ![εε,εs]![εε, ε̄s]

→

In order to compute the purity we need
<latexit sha1_base64="d6gs8gpOUtnBSaATBRlortoRaTI="></latexit>

Trs ωs =

∫
Dεs (ωs)ωsωs =

∫
DεsDεε |![εε,εs]|2

<latexit sha1_base64="YSzXOU9SqGcIT/p1X3Ukzooo8K4="></latexit>

Trs ω
2
s =

∫
DεsDε̄s (ωs)ωsω̄s

(ωs)ω̄sωs
=

∫
DεsDε̄sDεεDε̄ε ![εε,εs]![εε, ε̄s]

→![ε̄ε, ε̄s]![ε̄ε,εs]
→



<latexit sha1_base64="r6cuDBERCTeOSStyyLL0CqQ4kh8=">AAACD3icbVDLSsNAFJ34rPUVdelmsAguSklEqsuCLlxW6AuaEibTm3boJBNnJoUS8hH6M7oSdSf4A/6N09qFtp7VufecC/ecIOFMacf5slZW19Y3Ngtbxe2d3b19++CwpUQqKTSp4EJ2AqKAsxiammkOnUQCiQIO7WB0PdXbY5CKibihJwn0IjKIWcgo0Wbl22VPDoWvsAf3KRvjzJMRbsjcz7wxkZAoxkWcY6+MZz675FScGfAyceekhOao+/an1xc0jSDWlBOluq6T6F5GpGaUQ170UgUJoSMygK6hMYlA9bJZqhyfhkJiPQQ8m397MxIpNYkC44mIHqpFbbr8T+umOrzqZSxOUg0xNRajhSnHWuBpObjPJFDNJ4YQKpn5EtMhkYRqU2HRxHcXwy6T1nnFrVaqdxel2s28iAI6RifoDLnoEtXQLaqjJqLoET2jN/RuPVhP1ov1+mNdseY3R+gPrI9vQPicvg==</latexit>

ωs → Trω ω
<latexit sha1_base64="fNdW1qNl00xC32gbdYWDXrDGeSk=">AAAB63icbZDLTgIxFIY7eEO8oS7dNBITV2TGGHRJIguXmMglwoR0yhlo6GXSdiSE8BS6MurOt/EFfBsLzkLBf/X1/H+T858o4cxY3//ycmvrG5tb+e3Czu7e/kHx8KhpVKopNKjiSrcjYoAzCQ3LLId2ooGIiEMrGt3M/dYjaMOUvLeTBEJBBpLFjBLrRg/dmhpLorUa94olv+wvhFchyKCEMtV7xc9uX9FUgLSUE2M6gZ/YcEq0ZZTDrNBNDSSEjsgAOg4lEWDC6WLjGT6LlcZ2CHjx/p2dEmHMREQuI4gdmmVvPvzP66Q2vg6nTCapBUldxHlxyrFVeF4c95kGavnEAaGauS0xHRJNqHXnKbj6wXLZVWhelINKuXJ3WarWskPk0Qk6RecoQFeoim5RHTUQRRI9ozf07gnvyXvxXn+iOS/7c4z+yPv4BrCYjp8=</latexit>

→
<latexit sha1_base64="gVyMeG6NQ6gMTSAZMalwERZoxN4="></latexit>

(ωs)ωsω̄s
=

∫
Dεε (ω)ωω̄

∣∣∣∣
ωω=ω̄ω

=

∫
Dεε ![εε,εs]![εε, ε̄s]

→

In order to compute the purity we need
<latexit sha1_base64="d6gs8gpOUtnBSaATBRlortoRaTI="></latexit>

Trs ωs =

∫
Dεs (ωs)ωsωs =

∫
DεsDεε |![εε,εs]|2

<latexit sha1_base64="YSzXOU9SqGcIT/p1X3Ukzooo8K4="></latexit>

Trs ω
2
s =

∫
DεsDε̄s (ωs)ωsω̄s

(ωs)ω̄sωs
=

∫
DεsDε̄sDεεDε̄ε ![εε,εs]![εε, ε̄s]

→![ε̄ε, ε̄s]![ε̄ε,εs]
→

We…

• …worked at finite spatial volume, then took the infinite limit

• …developed some diagrammatic rules to streamline the computation



With the help of diagrams we actually computed the N-th traces:
<latexit sha1_base64="7OUnTQhocjqgMX1OMKCsKdQIk0E="></latexit>

Tr ωNS
(Tr ωS)N

= exp(→ND)
<latexit sha1_base64="10P4ZU2Q3H8TEyicSKsDSArkkYM=">AAAB93icbVDLTgJBEOzFF+ILHzcvE4mJB0J2iUGPJHrwZDARMGEJmR0amDD7cGbWZN3wLXoy6s3/8Af8Gwfcg4J1qu6qTqrLiwRX2ra/rNzS8srqWn69sLG5tb1T3N1rqTCWDJssFKG886hCwQNsaq4F3kUSqe8JbHvji6nefkCpeBjc6iTCrk+HAR9wRrVZ9YoH7iCUVAjilt0yuXaHeE+qvWLJrtgzkEXiZKQEGRq94qfbD1nsY6CZoEp1HDvS3ZRKzZnAScGNFUaUjekQO4YG1EfVTWfpJ+TYJCB6hGQ2//am1Fcq8T3j8akeqXltuvxP68R6cN5NeRDFGgNmLEYbxILokExLIH0ukWmRGEKZ5CYlYSMqKdOmqoJ535l/dpG0qhWnVqndnJbql1kReTiEIzgBB86gDlfQgCYweIRneIN3K7GerBfr9ceas7KbffgD6+MbLtuReg==</latexit>

→ N ↑ 2



With the help of diagrams we actually computed the N-th traces:
<latexit sha1_base64="7OUnTQhocjqgMX1OMKCsKdQIk0E="></latexit>

Tr ωNS
(Tr ωS)N

= exp(→ND)

<latexit sha1_base64="MbXa0toNah15p9uwBaQkTrD47MY=">AAAB83icbZC9TsMwFIVv+C3lL8DIYlEhMVUJQoWxgg6MRaI/UhNVjuukVp04sp1WVdQngQkBG2/CC/A2uCUDtJzp8z3H0r0nSDlT2nG+rLX1jc2t7dJOeXdv/+DQPjpuK5FJQltEcCG7AVaUs4S2NNOcdlNJcRxw2glGd3O/M6ZSMZE86mlK/RhHCQsZwdqM+rZd9m5ZFHkNMUmwlGLStytO1VkIrYJbQAUKNfv2pzcQJItpognHSvVcJ9V+jqVmhNNZ2csUTTEZ4Yj2DCY4psrPF5vP0HkoJNJDihbv39kcx0pN48BkYqyHatmbD//zepkOb/ycJWmmaUJMxHhhxpEWaF4AGjBJieZTA5hIZrZEZIglJtrUVDbnu8vHrkL7surWqrWHq0q9URRRglM4gwtw4RrqcA9NaAGBMTzDG7xbmfVkvVivP9E1q/hzAn9kfXwD5sWQ6w==</latexit>!!!!"

<latexit sha1_base64="FR3W7QgJiqzhVmM0eH+ZuZevejI=">AAACCXicbVBLSwMxGMz6rPW16tFLsCheLLsi1YtQ0IOXlor2Ae1Ssum3bWj2QZIVyrK/QP+MnkS9efUP+G/Mtj1o65wmMxP4ZtyIM6ks69tYWFxaXlnNreXXNza3ts2d3YYMY0GhTkMeipZLJHAWQF0xxaEVCSC+y6HpDq8yv/kAQrIwuFejCByf9APmMUqUlrrmUccThCbVEztNqim+61bxJZ5olUyrZFoFd82CVbTGwPPEnpICmqLWNb86vZDGPgSKciJl27Yi5SREKEY5pPlOLCEidEj60NY0ID5IJxn3SfGhFwqsBoDH79/ZhPhSjnxXZ3yiBnLWy8T/vHasvAsnYUEUKwiojmjPizlWIc5mwT0mgCo+0oRQwfSVmA6InkHp8fK6vj1bdp40Tot2qVi6PSuUr6dD5NA+OkDHyEbnqIxuUA3VEUVP6AW9ow/j0Xg2Xo23SXTBmP7ZQ39gfP4AxkmYZw==</latexit>

N → 1

N
SN =

M → 1

M
SM

N-th Renyi 
entropy:

<latexit sha1_base64="4x4MKDOkkvIGzABKR4cJMvv6uh8="></latexit>

SN → 1

1↑N
log

[
Tr ωNS

(Tr ωS)N

]

<latexit sha1_base64="10P4ZU2Q3H8TEyicSKsDSArkkYM=">AAAB93icbVDLTgJBEOzFF+ILHzcvE4mJB0J2iUGPJHrwZDARMGEJmR0amDD7cGbWZN3wLXoy6s3/8Af8Gwfcg4J1qu6qTqrLiwRX2ra/rNzS8srqWn69sLG5tb1T3N1rqTCWDJssFKG886hCwQNsaq4F3kUSqe8JbHvji6nefkCpeBjc6iTCrk+HAR9wRrVZ9YoH7iCUVAjilt0yuXaHeE+qvWLJrtgzkEXiZKQEGRq94qfbD1nsY6CZoEp1HDvS3ZRKzZnAScGNFUaUjekQO4YG1EfVTWfpJ+TYJCB6hGQ2//am1Fcq8T3j8akeqXltuvxP68R6cN5NeRDFGgNmLEYbxILokExLIH0ukWmRGEKZ5CYlYSMqKdOmqoJ535l/dpG0qhWnVqndnJbql1kReTiEIzgBB86gDlfQgCYweIRneIN3K7GerBfr9ceas7KbffgD6+MbLtuReg==</latexit>

→ N ↑ 2

<latexit sha1_base64="FJnVYlMNS29mlDIs8orIqwA3E0E=">AAAB+XicbVDLSgNBEOyNrxhfUcGLl8EgeAhhN0j0GNCDFyWCeUA2hNlJbzJk9uHMrBDWfIyeRL35G/6Af+Mk5qCJdaruqobq8mLBlbbtLyuztLyyupZdz21sbm3v5Hf3GipKJMM6i0QkWx5VKHiIdc21wFYskQaewKY3vJjozQeUikfhnR7F2AloP+Q+Z1SbVTd/4PqRpEIQt+gWyU3x2u3jPSl38wW7ZE9BFokzIwWYodbNf7q9iCUBhpoJqlTbsWPdSanUnAkc59xEYUzZkPaxbWhIA1SddJp/TI5NBqIHSKbzb29KA6VGgWc8AdUDNa9Nlv9p7UT7552Uh3GiMWTGYjQ/EURHZFID6XGJTIuRIZRJblISNqCSMm3Kypn3nflnF0mjXHIqpcrtaaF6OSsiC4dwBCfgwBlU4QpqUAcGj/AMb/BupdaT9WK9/lgz1uxmH/7A+vgGObaSBw==</latexit>

→ N,M ↑ 2



With the help of diagrams we actually computed the N-th traces:
<latexit sha1_base64="7OUnTQhocjqgMX1OMKCsKdQIk0E="></latexit>

Tr ωNS
(Tr ωS)N

= exp(→ND)

<latexit sha1_base64="MbXa0toNah15p9uwBaQkTrD47MY=">AAAB83icbZC9TsMwFIVv+C3lL8DIYlEhMVUJQoWxgg6MRaI/UhNVjuukVp04sp1WVdQngQkBG2/CC/A2uCUDtJzp8z3H0r0nSDlT2nG+rLX1jc2t7dJOeXdv/+DQPjpuK5FJQltEcCG7AVaUs4S2NNOcdlNJcRxw2glGd3O/M6ZSMZE86mlK/RhHCQsZwdqM+rZd9m5ZFHkNMUmwlGLStytO1VkIrYJbQAUKNfv2pzcQJItpognHSvVcJ9V+jqVmhNNZ2csUTTEZ4Yj2DCY4psrPF5vP0HkoJNJDihbv39kcx0pN48BkYqyHatmbD//zepkOb/ycJWmmaUJMxHhhxpEWaF4AGjBJieZTA5hIZrZEZIglJtrUVDbnu8vHrkL7surWqrWHq0q9URRRglM4gwtw4RrqcA9NaAGBMTzDG7xbmfVkvVivP9E1q/hzAn9kfXwD5sWQ6w==</latexit>!!!!"

<latexit sha1_base64="FR3W7QgJiqzhVmM0eH+ZuZevejI=">AAACCXicbVBLSwMxGMz6rPW16tFLsCheLLsi1YtQ0IOXlor2Ae1Ssum3bWj2QZIVyrK/QP+MnkS9efUP+G/Mtj1o65wmMxP4ZtyIM6ks69tYWFxaXlnNreXXNza3ts2d3YYMY0GhTkMeipZLJHAWQF0xxaEVCSC+y6HpDq8yv/kAQrIwuFejCByf9APmMUqUlrrmUccThCbVEztNqim+61bxJZ5olUyrZFoFd82CVbTGwPPEnpICmqLWNb86vZDGPgSKciJl27Yi5SREKEY5pPlOLCEidEj60NY0ID5IJxn3SfGhFwqsBoDH79/ZhPhSjnxXZ3yiBnLWy8T/vHasvAsnYUEUKwiojmjPizlWIc5mwT0mgCo+0oRQwfSVmA6InkHp8fK6vj1bdp40Tot2qVi6PSuUr6dD5NA+OkDHyEbnqIxuUA3VEUVP6AW9ow/j0Xg2Xo23SXTBmP7ZQ39gfP4AxkmYZw==</latexit>

N → 1

N
SN =

M → 1

M
SM

• Valid to all orders in perturbation theory

• Only for infinite spatial volume

N-th Renyi 
entropy:

<latexit sha1_base64="4x4MKDOkkvIGzABKR4cJMvv6uh8="></latexit>

SN → 1

1↑N
log

[
Tr ωNS

(Tr ωS)N

]

<latexit sha1_base64="10P4ZU2Q3H8TEyicSKsDSArkkYM=">AAAB93icbVDLTgJBEOzFF+ILHzcvE4mJB0J2iUGPJHrwZDARMGEJmR0amDD7cGbWZN3wLXoy6s3/8Af8Gwfcg4J1qu6qTqrLiwRX2ra/rNzS8srqWn69sLG5tb1T3N1rqTCWDJssFKG886hCwQNsaq4F3kUSqe8JbHvji6nefkCpeBjc6iTCrk+HAR9wRrVZ9YoH7iCUVAjilt0yuXaHeE+qvWLJrtgzkEXiZKQEGRq94qfbD1nsY6CZoEp1HDvS3ZRKzZnAScGNFUaUjekQO4YG1EfVTWfpJ+TYJCB6hGQ2//am1Fcq8T3j8akeqXltuvxP68R6cN5NeRDFGgNmLEYbxILokExLIH0ukWmRGEKZ5CYlYSMqKdOmqoJ535l/dpG0qhWnVqndnJbql1kReTiEIzgBB86gDlfQgCYweIRneIN3K7GerBfr9ceas7KbffgD6+MbLtuReg==</latexit>

→ N ↑ 2

<latexit sha1_base64="FJnVYlMNS29mlDIs8orIqwA3E0E=">AAAB+XicbVDLSgNBEOyNrxhfUcGLl8EgeAhhN0j0GNCDFyWCeUA2hNlJbzJk9uHMrBDWfIyeRL35G/6Af+Mk5qCJdaruqobq8mLBlbbtLyuztLyyupZdz21sbm3v5Hf3GipKJMM6i0QkWx5VKHiIdc21wFYskQaewKY3vJjozQeUikfhnR7F2AloP+Q+Z1SbVTd/4PqRpEIQt+gWyU3x2u3jPSl38wW7ZE9BFokzIwWYodbNf7q9iCUBhpoJqlTbsWPdSanUnAkc59xEYUzZkPaxbWhIA1SddJp/TI5NBqIHSKbzb29KA6VGgWc8AdUDNa9Nlv9p7UT7552Uh3GiMWTGYjQ/EURHZFID6XGJTIuRIZRJblISNqCSMm3Kypn3nflnF0mjXHIqpcrtaaF6OSsiC4dwBCfgwBlU4QpqUAcGj/AMb/BupdaT9WK9/lgz1uxmH/7A+vgGObaSBw==</latexit>

→ N,M ↑ 2



With the help of diagrams we actually computed the N-th traces:
<latexit sha1_base64="7OUnTQhocjqgMX1OMKCsKdQIk0E="></latexit>

Tr ωNS
(Tr ωS)N

= exp(→ND)

<latexit sha1_base64="MbXa0toNah15p9uwBaQkTrD47MY=">AAAB83icbZC9TsMwFIVv+C3lL8DIYlEhMVUJQoWxgg6MRaI/UhNVjuukVp04sp1WVdQngQkBG2/CC/A2uCUDtJzp8z3H0r0nSDlT2nG+rLX1jc2t7dJOeXdv/+DQPjpuK5FJQltEcCG7AVaUs4S2NNOcdlNJcRxw2glGd3O/M6ZSMZE86mlK/RhHCQsZwdqM+rZd9m5ZFHkNMUmwlGLStytO1VkIrYJbQAUKNfv2pzcQJItpognHSvVcJ9V+jqVmhNNZ2csUTTEZ4Yj2DCY4psrPF5vP0HkoJNJDihbv39kcx0pN48BkYqyHatmbD//zepkOb/ycJWmmaUJMxHhhxpEWaF4AGjBJieZTA5hIZrZEZIglJtrUVDbnu8vHrkL7surWqrWHq0q9URRRglM4gwtw4RrqcA9NaAGBMTzDG7xbmfVkvVivP9E1q/hzAn9kfXwD5sWQ6w==</latexit>!!!!"

<latexit sha1_base64="FR3W7QgJiqzhVmM0eH+ZuZevejI=">AAACCXicbVBLSwMxGMz6rPW16tFLsCheLLsi1YtQ0IOXlor2Ae1Ssum3bWj2QZIVyrK/QP+MnkS9efUP+G/Mtj1o65wmMxP4ZtyIM6ks69tYWFxaXlnNreXXNza3ts2d3YYMY0GhTkMeipZLJHAWQF0xxaEVCSC+y6HpDq8yv/kAQrIwuFejCByf9APmMUqUlrrmUccThCbVEztNqim+61bxJZ5olUyrZFoFd82CVbTGwPPEnpICmqLWNb86vZDGPgSKciJl27Yi5SREKEY5pPlOLCEidEj60NY0ID5IJxn3SfGhFwqsBoDH79/ZhPhSjnxXZ3yiBnLWy8T/vHasvAsnYUEUKwiojmjPizlWIc5mwT0mgCo+0oRQwfSVmA6InkHp8fK6vj1bdp40Tot2qVi6PSuUr6dD5NA+OkDHyEbnqIxuUA3VEUVP6AW9ow/j0Xg2Xo23SXTBmP7ZQ39gfP4AxkmYZw==</latexit>

N → 1

N
SN =

M → 1

M
SM

• Valid to all orders in perturbation theory

• Only for infinite spatial volume

The purity is then

N-th Renyi 
entropy:

<latexit sha1_base64="4x4MKDOkkvIGzABKR4cJMvv6uh8="></latexit>

SN → 1

1↑N
log

[
Tr ωNS

(Tr ωS)N

]

<latexit sha1_base64="10P4ZU2Q3H8TEyicSKsDSArkkYM=">AAAB93icbVDLTgJBEOzFF+ILHzcvE4mJB0J2iUGPJHrwZDARMGEJmR0amDD7cGbWZN3wLXoy6s3/8Af8Gwfcg4J1qu6qTqrLiwRX2ra/rNzS8srqWn69sLG5tb1T3N1rqTCWDJssFKG886hCwQNsaq4F3kUSqe8JbHvji6nefkCpeBjc6iTCrk+HAR9wRrVZ9YoH7iCUVAjilt0yuXaHeE+qvWLJrtgzkEXiZKQEGRq94qfbD1nsY6CZoEp1HDvS3ZRKzZnAScGNFUaUjekQO4YG1EfVTWfpJ+TYJCB6hGQ2//am1Fcq8T3j8akeqXltuvxP68R6cN5NeRDFGgNmLEYbxILokExLIH0ukWmRGEKZ5CYlYSMqKdOmqoJ535l/dpG0qhWnVqndnJbql1kReTiEIzgBB86gDlfQgCYweIRneIN3K7GerBfr9ceas7KbffgD6+MbLtuReg==</latexit>

→ N ↑ 2

<latexit sha1_base64="71yxX7ZbvBFDX6n03yzAGZV3kYw="></latexit>

ω → Tr ε2S
(Tr εS)2

= exp(↑2D)

<latexit sha1_base64="FJnVYlMNS29mlDIs8orIqwA3E0E=">AAAB+XicbVDLSgNBEOyNrxhfUcGLl8EgeAhhN0j0GNCDFyWCeUA2hNlJbzJk9uHMrBDWfIyeRL35G/6Af+Mk5qCJdaruqobq8mLBlbbtLyuztLyyupZdz21sbm3v5Hf3GipKJMM6i0QkWx5VKHiIdc21wFYskQaewKY3vJjozQeUikfhnR7F2AloP+Q+Z1SbVTd/4PqRpEIQt+gWyU3x2u3jPSl38wW7ZE9BFokzIwWYodbNf7q9iCUBhpoJqlTbsWPdSanUnAkc59xEYUzZkPaxbWhIA1SddJp/TI5NBqIHSKbzb29KA6VGgWc8AdUDNa9Nlv9p7UT7552Uh3GiMWTGYjQ/EURHZFID6XGJTIuRIZRJblISNqCSMm3Kypn3nflnF0mjXHIqpcrtaaF6OSsiC4dwBCfgwBlU4QpqUAcGj/AMb/BupdaT9WK9/lgz1uxmH/7A+vgGObaSBw==</latexit>

→ N,M ↑ 2



Let us focus on theories with just a cubic interaction: 
<latexit sha1_base64="yzUKw/vvLyVD5hhecxdyuviAYys="></latexit>

ω3 → O(g) ; ωn→4 → O(g2)

<latexit sha1_base64="ia/Qrn3BSFwGiYyZF0CAfPoSssw=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoUErSSnVZ0IXLCvYBTVom00kzdPJgZiKU0P/Qn9GVqODCrX/jJM1CW+/qnHvOcOccJ2JUSMP41gpr6xubW8Xt0s7u3v6BfnjUFWHMMengkIW87yBBGA1IR1LJSD/iBPkOIz1nep3qvQfCBQ2DezmLiO2jSUBdipFUq5HemEAr8uiwAavQqlpVuOCwYkWIS4pYys6H9UyGFhuHUoz0slEzsoGrwMxBGeTTHumf1jjEsU8CiRkSYmAakbST9ABmZF6yYkEihKdoQgYKBsgnwk6ycHN45oYcSo/AjP/2JsgXYuY7yuMj6YllLV3+pw1i6V7ZCQ2iWJIAK4vS3JhBGcK0IzimnGDJZgogzKn6JcQe4ghL1WRJxTeXw66Cbr1mNmvNu4ty6yYvoghOwCmoABNcgha4BW3QARg8gRfwDj60R+1Ze9XeFtaClr85Bn9G+/oBNKycPQ==</latexit>

gω3, gω(εω)2, . . .



Let us focus on theories with just a cubic interaction: 
<latexit sha1_base64="yzUKw/vvLyVD5hhecxdyuviAYys="></latexit>

ω3 → O(g) ; ωn→4 → O(g2)

At leading order in the coupling, the purity is
<latexit sha1_base64="mOQV02HCnnloU6oTbDzpTBRw3nY="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I

<latexit sha1_base64="ia/Qrn3BSFwGiYyZF0CAfPoSssw=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoUErSSnVZ0IXLCvYBTVom00kzdPJgZiKU0P/Qn9GVqODCrX/jJM1CW+/qnHvOcOccJ2JUSMP41gpr6xubW8Xt0s7u3v6BfnjUFWHMMengkIW87yBBGA1IR1LJSD/iBPkOIz1nep3qvQfCBQ2DezmLiO2jSUBdipFUq5HemEAr8uiwAavQqlpVuOCwYkWIS4pYys6H9UyGFhuHUoz0slEzsoGrwMxBGeTTHumf1jjEsU8CiRkSYmAakbST9ABmZF6yYkEihKdoQgYKBsgnwk6ycHN45oYcSo/AjP/2JsgXYuY7yuMj6YllLV3+pw1i6V7ZCQ2iWJIAK4vS3JhBGcK0IzimnGDJZgogzKn6JcQe4ghL1WRJxTeXw66Cbr1mNmvNu4ty6yYvoghOwCmoABNcgha4BW3QARg8gRfwDj60R+1Ze9XeFtaClr85Bn9G+/oBNKycPQ==</latexit>

gω3, gω(εω)2, . . .

<latexit sha1_base64="wbXdD9zSH8ZMMLnw7kC0W/jnaZ8=">AAAB6HicbZC9TsMwFIVv+C3lr8DIYlEhMVUJQoWxEgywFYn+SG1UOe5Na2onwXaQqqjvABMCNp6HF+BtcEsGaDnT53uOpXtukAiujet+OUvLK6tr64WN4ubW9s5uaW+/qeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLR5dRvPaLSPI7uzDhBX9JBxEPOqLGj1k13gA/E7ZXKbsWdiSyCl0MZctV7pc9uP2apxMgwQbXueG5i/Iwqw5nASbGbakwoG9EBdixGVKL2s9m6E3IcxoqYIZLZ+3c2o1LrsQxsRlIz1PPedPif10lNeOFnPEpSgxGzEeuFqSAmJtPWpM8VMiPGFihT3G5J2JAqyoy9TdHW9+bLLkLztOJVK9Xbs3LtKj9EAQ7hCE7Ag3OowTXUoQEMRvAMb/Du3DtPzovz+hNdcvI/B/BHzsc3V86MlA==</latexit>

I → 0with



Let us focus on theories with just a cubic interaction: 
<latexit sha1_base64="yzUKw/vvLyVD5hhecxdyuviAYys="></latexit>

ω3 → O(g) ; ωn→4 → O(g2)

At leading order in the coupling, the purity is
<latexit sha1_base64="mOQV02HCnnloU6oTbDzpTBRw3nY="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I

Hence
<latexit sha1_base64="mPj6ibQ6cWR2D/ASNiN+uovbSPI=">AAACFXicbVA7T8MwGHR4lvIqMLJYVEhMVVKhwogEA2wF0YLUlOqL+zWxsJPUdkBVxe+APwMTAgYkZv4NbpuB103nu7P03QWp4Nq47qczNT0zOzdfWCguLi2vrJbW1ps6yRTDBktEoi4D0Ch4jA3DjcDLVCHIQOBFcH048i9uUGmexOdmkGJbQhjzHmdgrNQpVf0QpATqh9inLvX7/Qy6/hkPIwNKJbcTgYZXVXpCfWFDXqdUdivuGPQv8XJSJjnqndK7301YJjE2TIDWLc9NTXsIynAm8K7oZxpTYNcQYsvSGCTq9nDc7Y5u9xJFTYR0/P6eHYLUeiADm5FgIv3bG4n/ea3M9PbbQx6nmcGY2Yj1epmgJqGjiWiXK2RGDCwBpri9krIIFDBjhyza+t7vsn9Js1rxapXa6W754CgfokA2yRbZIR7ZIwfkmNRJgzDyQJ7IK3lz7p1H59l5mUSnnPzPBvkB5+MLqxqdzQ==</latexit>

ω → 0 ↑ g2I ↓ 1

<latexit sha1_base64="ia/Qrn3BSFwGiYyZF0CAfPoSssw=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoUErSSnVZ0IXLCvYBTVom00kzdPJgZiKU0P/Qn9GVqODCrX/jJM1CW+/qnHvOcOccJ2JUSMP41gpr6xubW8Xt0s7u3v6BfnjUFWHMMengkIW87yBBGA1IR1LJSD/iBPkOIz1nep3qvQfCBQ2DezmLiO2jSUBdipFUq5HemEAr8uiwAavQqlpVuOCwYkWIS4pYys6H9UyGFhuHUoz0slEzsoGrwMxBGeTTHumf1jjEsU8CiRkSYmAakbST9ABmZF6yYkEihKdoQgYKBsgnwk6ycHN45oYcSo/AjP/2JsgXYuY7yuMj6YllLV3+pw1i6V7ZCQ2iWJIAK4vS3JhBGcK0IzimnGDJZgogzKn6JcQe4ghL1WRJxTeXw66Cbr1mNmvNu4ty6yYvoghOwCmoABNcgha4BW3QARg8gRfwDj60R+1Ze9XeFtaClr85Bn9G+/oBNKycPQ==</latexit>

gω3, gω(εω)2, . . .

<latexit sha1_base64="wbXdD9zSH8ZMMLnw7kC0W/jnaZ8=">AAAB6HicbZC9TsMwFIVv+C3lr8DIYlEhMVUJQoWxEgywFYn+SG1UOe5Na2onwXaQqqjvABMCNp6HF+BtcEsGaDnT53uOpXtukAiujet+OUvLK6tr64WN4ubW9s5uaW+/qeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLR5dRvPaLSPI7uzDhBX9JBxEPOqLGj1k13gA/E7ZXKbsWdiSyCl0MZctV7pc9uP2apxMgwQbXueG5i/Iwqw5nASbGbakwoG9EBdixGVKL2s9m6E3IcxoqYIZLZ+3c2o1LrsQxsRlIz1PPedPif10lNeOFnPEpSgxGzEeuFqSAmJtPWpM8VMiPGFihT3G5J2JAqyoy9TdHW9+bLLkLztOJVK9Xbs3LtKj9EAQ7hCE7Ag3OowTXUoQEMRvAMb/Du3DtPzovz+hNdcvI/B/BHzsc3V86MlA==</latexit>

I → 0with



Let us focus on theories with just a cubic interaction: 
<latexit sha1_base64="yzUKw/vvLyVD5hhecxdyuviAYys="></latexit>

ω3 → O(g) ; ωn→4 → O(g2)

At leading order in the coupling, the purity is
<latexit sha1_base64="mOQV02HCnnloU6oTbDzpTBRw3nY="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I

Hence
<latexit sha1_base64="mPj6ibQ6cWR2D/ASNiN+uovbSPI=">AAACFXicbVA7T8MwGHR4lvIqMLJYVEhMVVKhwogEA2wF0YLUlOqL+zWxsJPUdkBVxe+APwMTAgYkZv4NbpuB103nu7P03QWp4Nq47qczNT0zOzdfWCguLi2vrJbW1ps6yRTDBktEoi4D0Ch4jA3DjcDLVCHIQOBFcH048i9uUGmexOdmkGJbQhjzHmdgrNQpVf0QpATqh9inLvX7/Qy6/hkPIwNKJbcTgYZXVXpCfWFDXqdUdivuGPQv8XJSJjnqndK7301YJjE2TIDWLc9NTXsIynAm8K7oZxpTYNcQYsvSGCTq9nDc7Y5u9xJFTYR0/P6eHYLUeiADm5FgIv3bG4n/ea3M9PbbQx6nmcGY2Yj1epmgJqGjiWiXK2RGDCwBpri9krIIFDBjhyza+t7vsn9Js1rxapXa6W754CgfokA2yRbZIR7ZIwfkmNRJgzDyQJ7IK3lz7p1H59l5mUSnnPzPBvkB5+MLqxqdzQ==</latexit>

ω → 0 ↑ g2I ↓ 1

For a theory with just a quartic interaction, and at leading order:
<latexit sha1_base64="TQvfwy8tAJ1hKRkTivTI2n6HPmI="></latexit>

ω = 1→ 1

3

∫
d3εk1
(2ϑ)3

d3εk2
(2ϑ)3

|ϖ4(εp,εk1,εk2,→εp→ εk1 → εk2)|2 + |ϖ4(→εp,→εk1,→εk2, εp+ εk1 + εk2)|2

2Reϖ2(εp) 2Reϖ2(εk1) 2Reϖ2(εk2) 2Reϖ2(εp+ εk1 + εk2)

<latexit sha1_base64="ia/Qrn3BSFwGiYyZF0CAfPoSssw=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0WoUErSSnVZ0IXLCvYBTVom00kzdPJgZiKU0P/Qn9GVqODCrX/jJM1CW+/qnHvOcOccJ2JUSMP41gpr6xubW8Xt0s7u3v6BfnjUFWHMMengkIW87yBBGA1IR1LJSD/iBPkOIz1nep3qvQfCBQ2DezmLiO2jSUBdipFUq5HemEAr8uiwAavQqlpVuOCwYkWIS4pYys6H9UyGFhuHUoz0slEzsoGrwMxBGeTTHumf1jjEsU8CiRkSYmAakbST9ABmZF6yYkEihKdoQgYKBsgnwk6ycHN45oYcSo/AjP/2JsgXYuY7yuMj6YllLV3+pw1i6V7ZCQ2iWJIAK4vS3JhBGcK0IzimnGDJZgogzKn6JcQe4ghL1WRJxTeXw66Cbr1mNmvNu4ty6yYvoghOwCmoABNcgha4BW3QARg8gRfwDj60R+1Ze9XeFtaClr85Bn9G+/oBNKycPQ==</latexit>

gω3, gω(εω)2, . . .

<latexit sha1_base64="wbXdD9zSH8ZMMLnw7kC0W/jnaZ8=">AAAB6HicbZC9TsMwFIVv+C3lr8DIYlEhMVUJQoWxEgywFYn+SG1UOe5Na2onwXaQqqjvABMCNp6HF+BtcEsGaDnT53uOpXtukAiujet+OUvLK6tr64WN4ubW9s5uaW+/qeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLR5dRvPaLSPI7uzDhBX9JBxEPOqLGj1k13gA/E7ZXKbsWdiSyCl0MZctV7pc9uP2apxMgwQbXueG5i/Iwqw5nASbGbakwoG9EBdixGVKL2s9m6E3IcxoqYIZLZ+3c2o1LrsQxsRlIz1PPedPif10lNeOFnPEpSgxGzEeuFqSAmJtPWpM8VMiPGFihT3G5J2JAqyoy9TdHW9+bLLkLztOJVK9Xbs3LtKj9EAQ7hCE7Ag3OowTXUoQEMRvAMb/Du3DtPzovz+hNdcvI/B/BHzsc3V86MlA==</latexit>

I → 0with



In general, an EFT is valid in some range of scales:
<latexit sha1_base64="ptjBbBWdavuFOPP1dOHiTdh+mhc=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiCUBKR6rKggoKLKqYtNKVMpjft0MnDmYlQQv5Bf0ZXou5c+AP+jZPahW09m3vuPWdgzvFizqSyrG9jbn5hcWm5sFJcXVvf2DS3tusySgQFh0Y8Ek2PSOAsBEcxxaEZCyCBx6HhDc5yvfEAQrIovFPDGNoB6YXMZ5QofeqYh+61NndJJ3VFgK9uM5fDPb7A+ZiQnHrWMUtW2RoBzxJ7TEpojFrH/HK7EU0CCBXlRMqWbcWqnRKhGOWQFd1EQkzogPSgpWlIApDtdBQqw/t+JLDqAx7tf70pCaQcBp72BET15bSWH//TWonyT9spC+NEQUi1RWt+wrGKcN4N7jIBVPGhJoQKpn+JaZ8IQpVusKjj29NhZ0n9qGxXypWb41L1fFxEAe2iPXSAbHSCqugS1ZCDKHpCL+gdfRiPxrPxarz9WueM8ZsdNAHj8wdb3pug</latexit>

!IR → E → !UV

so we should be more careful with our definition of the environment:

 

<latexit sha1_base64="e8ZEmjFqNwojJXU/HvvHfJLXuKU="></latexit>

Hω =
⊗

εk →=εp
!IR↑E(εk)↑!UV

Hεk



In general, an EFT is valid in some range of scales:
<latexit sha1_base64="ptjBbBWdavuFOPP1dOHiTdh+mhc=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiCUBKR6rKggoKLKqYtNKVMpjft0MnDmYlQQv5Bf0ZXou5c+AP+jZPahW09m3vuPWdgzvFizqSyrG9jbn5hcWm5sFJcXVvf2DS3tusySgQFh0Y8Ek2PSOAsBEcxxaEZCyCBx6HhDc5yvfEAQrIovFPDGNoB6YXMZ5QofeqYh+61NndJJ3VFgK9uM5fDPb7A+ZiQnHrWMUtW2RoBzxJ7TEpojFrH/HK7EU0CCBXlRMqWbcWqnRKhGOWQFd1EQkzogPSgpWlIApDtdBQqw/t+JLDqAx7tf70pCaQcBp72BET15bSWH//TWonyT9spC+NEQUi1RWt+wrGKcN4N7jIBVPGhJoQKpn+JaZ8IQpVusKjj29NhZ0n9qGxXypWb41L1fFxEAe2iPXSAbHSCqugS1ZCDKHpCL+gdfRiPxrPxarz9WueM8ZsdNAHj8wdb3pug</latexit>

!IR → E → !UV

so we should be more careful with our definition of the environment:

 

<latexit sha1_base64="e8ZEmjFqNwojJXU/HvvHfJLXuKU="></latexit>

Hω =
⊗

εk →=εp
!IR↑E(εk)↑!UV

Hεk

The purity integral is then a function of the cutoffs:
<latexit sha1_base64="ePZF3zSkHaf1LIq11VrWKQW72UE="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I(p,!IR,!UV)



In general, an EFT is valid in some range of scales:
<latexit sha1_base64="ptjBbBWdavuFOPP1dOHiTdh+mhc=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiCUBKR6rKggoKLKqYtNKVMpjft0MnDmYlQQv5Bf0ZXou5c+AP+jZPahW09m3vuPWdgzvFizqSyrG9jbn5hcWm5sFJcXVvf2DS3tusySgQFh0Y8Ek2PSOAsBEcxxaEZCyCBx6HhDc5yvfEAQrIovFPDGNoB6YXMZ5QofeqYh+61NndJJ3VFgK9uM5fDPb7A+ZiQnHrWMUtW2RoBzxJ7TEpojFrH/HK7EU0CCBXlRMqWbcWqnRKhGOWQFd1EQkzogPSgpWlIApDtdBQqw/t+JLDqAx7tf70pCaQcBp72BET15bSWH//TWonyT9spC+NEQUi1RWt+wrGKcN4N7jIBVPGhJoQKpn+JaZ8IQpVusKjj29NhZ0n9qGxXypWb41L1fFxEAe2iPXSAbHSCqugS1ZCDKHpCL+gdfRiPxrPxarz9WueM8ZsdNAHj8wdb3pug</latexit>

!IR → E → !UV

so we should be more careful with our definition of the environment:

 

<latexit sha1_base64="e8ZEmjFqNwojJXU/HvvHfJLXuKU="></latexit>

Hω =
⊗

εk →=εp
!IR↑E(εk)↑!UV

Hεk

The purity integral is then a function of the cutoffs:
<latexit sha1_base64="ePZF3zSkHaf1LIq11VrWKQW72UE="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I(p,!IR,!UV)

and/or could lead to
<latexit sha1_base64="lMnbkhrVf6ZkPP+FcdTonWnMf1o=">AAAB63icbZC9TsMwFIVvyl8pfwVGFosKialKECoMDJVgYCwS/RFtVDnuTWvVTiLbQaqiPgVMCNh4G16At8EtGaDlTJ/vOZbuuUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWPsGm4EdhJFFIZCGwH4+uZ335EpXkc3ZtJgr6kw4iHnFFjRw+9IZWSkivi9ssVt+rORZbBy6ECuRr98mdvELNUYmSYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYjKlH72XzjKTkJY0XMCMn8/TubUan1RAY2I6kZ6UVvNvzP66YmvPQzHiWpwYjZiPXCVBATk1lxMuAKmRETC5QpbrckbEQVZcaep2Tre4tll6F1VvVq1drdeaV+kx+iCEdwDKfgwQXU4RYa0AQGETzDG7w70nlyXpzXn2jByf8cwh85H98TdY2L</latexit>

ω < 0
<latexit sha1_base64="b57uvnCwP9LkwNcAW4xOrvXDiCQ=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIVJcFXSi4qGIf0IQwmd60Q2eSMDMRSuzH6ErUnb/hD/g3TmsW2npW595zLtxzwpQzpR3ny1pYXFpeWS2tldc3Nre27Z3dlkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6HFxO9/QBSsSS+16MUfEH6MYsYJdqsAnvfuzHmHglyTwp8fTfGnk6wE9gVp+pMgeeJW5AKKtAI7E+vl9BMQKwpJ0p1XSfVfk6kZpTDuOxlClJCh6QPXUNjIkD5+fT/MT6KEon1APB0/u3NiVBqJELjEUQP1Kw2Wf6ndTMdnfs5i9NMQ0yNxWhRxrEJN6kB95gEqvnIEEIlM19iOiCSUG3KKpv47mzYedI6qbq1au32tFK/LIoooQN0iI6Ri85QHV2hBmoiih7RM3pD71ZuPVkv1uuPdcEqbvbQH1gf31fjksI=</latexit>

!IR → 0
<latexit sha1_base64="xJ4tUCCmYGndEuOuSgcccSgggyc=">AAAB/nicbVDLSsNAFJ3UV62vqMtuBovgqiQi1WVBFy5cVDBtoQlhMp20Q2cmYWYihFDQn9GVqDs/wh/wb5zWLLT1rM6951y450Qpo0o7zpdVWVldW9+obta2tnd29+z9g65KMomJhxOWyH6EFGFUEE9TzUg/lQTxiJFeNLmc6b17IhVNxJ3OUxJwNBI0phhpswrtun9jzEMUFr7k0OtOoa8T6FMR6zy0G07TmQMuE7ckDVCiE9qf/jDBGSdCY4aUGrhOqoMCSU0xI9OanymSIjxBIzIwVCBOVFDMQ0zhcZxIqMcEzuff3gJxpXIeGQ9HeqwWtdnyP22Q6fgiKKhIM00ENhajxRmDJuGsCzikkmDNckMQltR8CfEYSYS1aaxm4ruLYZdJ97Tptpqt27NG+6osogrq4AicABecgza4Bh3gAQwewTN4A+/Wg/VkvVivP9aKVd4cgj+wPr4B0f2VWg==</latexit>

!UV → ↑



In general, an EFT is valid in some range of scales:
<latexit sha1_base64="ptjBbBWdavuFOPP1dOHiTdh+mhc=">AAACDnicbVDLSsNAFJ34rPUVdelmsAiCUBKR6rKggoKLKqYtNKVMpjft0MnDmYlQQv5Bf0ZXou5c+AP+jZPahW09m3vuPWdgzvFizqSyrG9jbn5hcWm5sFJcXVvf2DS3tusySgQFh0Y8Ek2PSOAsBEcxxaEZCyCBx6HhDc5yvfEAQrIovFPDGNoB6YXMZ5QofeqYh+61NndJJ3VFgK9uM5fDPb7A+ZiQnHrWMUtW2RoBzxJ7TEpojFrH/HK7EU0CCBXlRMqWbcWqnRKhGOWQFd1EQkzogPSgpWlIApDtdBQqw/t+JLDqAx7tf70pCaQcBp72BET15bSWH//TWonyT9spC+NEQUi1RWt+wrGKcN4N7jIBVPGhJoQKpn+JaZ8IQpVusKjj29NhZ0n9qGxXypWb41L1fFxEAe2iPXSAbHSCqugS1ZCDKHpCL+gdfRiPxrPxarz9WueM8ZsdNAHj8wdb3pug</latexit>

!IR → E → !UV

so we should be more careful with our definition of the environment:

 

<latexit sha1_base64="e8ZEmjFqNwojJXU/HvvHfJLXuKU="></latexit>

Hω =
⊗

εk →=εp
!IR↑E(εk)↑!UV

Hεk

The purity integral is then a function of the cutoffs:
<latexit sha1_base64="ePZF3zSkHaf1LIq11VrWKQW72UE="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk)
= 1→ g2I(p,!IR,!UV)

and/or could lead to
<latexit sha1_base64="lMnbkhrVf6ZkPP+FcdTonWnMf1o=">AAAB63icbZC9TsMwFIVvyl8pfwVGFosKialKECoMDJVgYCwS/RFtVDnuTWvVTiLbQaqiPgVMCNh4G16At8EtGaDlTJ/vOZbuuUEiuDau++UUVlbX1jeKm6Wt7Z3dvfL+QUvHqWLYZLGIVSegGgWPsGm4EdhJFFIZCGwH4+uZ335EpXkc3ZtJgr6kw4iHnFFjRw+9IZWSkivi9ssVt+rORZbBy6ECuRr98mdvELNUYmSYoFp3PTcxfkaV4UzgtNRLNSaUjekQuxYjKlH72XzjKTkJY0XMCMn8/TubUan1RAY2I6kZ6UVvNvzP66YmvPQzHiWpwYjZiPXCVBATk1lxMuAKmRETC5QpbrckbEQVZcaep2Tre4tll6F1VvVq1drdeaV+kx+iCEdwDKfgwQXU4RYa0AQGETzDG7w70nlyXpzXn2jByf8cwh85H98TdY2L</latexit>

ω < 0

We get bounds on the EFT validity regime!

<latexit sha1_base64="b57uvnCwP9LkwNcAW4xOrvXDiCQ=">AAAB+XicbVDLSsNAFJ34rPUVFdy4GSyCq5KIVJcFXSi4qGIf0IQwmd60Q2eSMDMRSuzH6ErUnb/hD/g3TmsW2npW595zLtxzwpQzpR3ny1pYXFpeWS2tldc3Nre27Z3dlkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6HFxO9/QBSsSS+16MUfEH6MYsYJdqsAnvfuzHmHglyTwp8fTfGnk6wE9gVp+pMgeeJW5AKKtAI7E+vl9BMQKwpJ0p1XSfVfk6kZpTDuOxlClJCh6QPXUNjIkD5+fT/MT6KEon1APB0/u3NiVBqJELjEUQP1Kw2Wf6ndTMdnfs5i9NMQ0yNxWhRxrEJN6kB95gEqvnIEEIlM19iOiCSUG3KKpv47mzYedI6qbq1au32tFK/LIoooQN0iI6Ri85QHV2hBmoiih7RM3pD71ZuPVkv1uuPdcEqbvbQH1gf31fjksI=</latexit>

!IR → 0
<latexit sha1_base64="xJ4tUCCmYGndEuOuSgcccSgggyc=">AAAB/nicbVDLSsNAFJ3UV62vqMtuBovgqiQi1WVBFy5cVDBtoQlhMp20Q2cmYWYihFDQn9GVqDs/wh/wb5zWLLT1rM6951y450Qpo0o7zpdVWVldW9+obta2tnd29+z9g65KMomJhxOWyH6EFGFUEE9TzUg/lQTxiJFeNLmc6b17IhVNxJ3OUxJwNBI0phhpswrtun9jzEMUFr7k0OtOoa8T6FMR6zy0G07TmQMuE7ckDVCiE9qf/jDBGSdCY4aUGrhOqoMCSU0xI9OanymSIjxBIzIwVCBOVFDMQ0zhcZxIqMcEzuff3gJxpXIeGQ9HeqwWtdnyP22Q6fgiKKhIM00ENhajxRmDJuGsCzikkmDNckMQltR8CfEYSYS1aaxm4ruLYZdJ97Tptpqt27NG+6osogrq4AicABecgza4Bh3gAQwewTN4A+/Wg/VkvVivP9aKVd4cgj+wPr4B0f2VWg==</latexit>

!UV → ↑
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<latexit sha1_base64="UVvPJOBMIgAAFJ1kNADBujJalMM=">AAACG3icbVDNSgMxGMzWv1r/qh69BIugoGW3SO1FKOhBwYOKW4VuLd+m6TY02V2SrFCWPoq+jJ6kevPg25jWPah1TpOZSciMH3OmtG1/WrmZ2bn5hfxiYWl5ZXWtuL7RUFEiCXVJxCN554OinIXU1UxzehdLCsLn9Nbvn4z92wcqFYvCGz2IaUtAELIuI6CN1C7WvACEAHyMnYPgvoK9fXy+G+97F+aJDrRTTwp8fj38LbiN4V67WLLL9gR4mjgZKaEMl+3iyOtEJBE01ISDUk3HjnUrBakZ4XRY8BJFYyB9CGjT0BAEVa100nCId7qRxLpH8eT8M5uCUGogfJMRoHvqrzcW//Oaie7WWikL40TTkJiI8boJxzrC46Fwh0lKNB8YAkQy80tMeiCBaDNnwdR3/padJo1K2amWq1eHpfppNkQebaFttIscdITq6AxdIhcR9IRe0Bt6tx6tZ+vVGn1Hc1Z2ZxP9gvXxBbtOnrw=</latexit>

ω = 1→ g2 I(p,!IR,!UV)

We can fix the coupling and vary the cutoffs:
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<latexit sha1_base64="UVvPJOBMIgAAFJ1kNADBujJalMM=">AAACG3icbVDNSgMxGMzWv1r/qh69BIugoGW3SO1FKOhBwYOKW4VuLd+m6TY02V2SrFCWPoq+jJ6kevPg25jWPah1TpOZSciMH3OmtG1/WrmZ2bn5hfxiYWl5ZXWtuL7RUFEiCXVJxCN554OinIXU1UxzehdLCsLn9Nbvn4z92wcqFYvCGz2IaUtAELIuI6CN1C7WvACEAHyMnYPgvoK9fXy+G+97F+aJDrRTTwp8fj38LbiN4V67WLLL9gR4mjgZKaEMl+3iyOtEJBE01ISDUk3HjnUrBakZ4XRY8BJFYyB9CGjT0BAEVa100nCId7qRxLpH8eT8M5uCUGogfJMRoHvqrzcW//Oaie7WWikL40TTkJiI8boJxzrC46Fwh0lKNB8YAkQy80tMeiCBaDNnwdR3/padJo1K2amWq1eHpfppNkQebaFttIscdITq6AxdIhcR9IRe0Bt6tx6tZ+vVGn1Hc1Z2ZxP9gvXxBbtOnrw=</latexit>

ω = 1→ g2 I(p,!IR,!UV)

We can fix the coupling and vary the cutoffs:
<latexit sha1_base64="CdMSDOG1JZTxis2iC490aNiiW3A=">AAACEnicbVDLSsNAFJ34rPUVdelmsAguJCaltLor6ELBRRX7gCSEyXTSDp08mJkIJeQv9Gd0JequP+DfOI1daOvZzJl7zr3ce/yEUSFN80tbWl5ZXVsvbZQ3t7Z3dvW9/Y6IU45JG8cs5j0fCcJoRNqSSkZ6CSco9Bnp+qPLqd59JFzQOHqQ44S4IRpENKAYSVXy9LPMKYbYfOC7mXlqGrV6taGeRvWilkPnVo3qIy9zeAhv7vPc0yumYRaAi8SakQqYoeXpE6cf4zQkkcQMCWFbZiLdDHFJMSN52UkFSRAeoQGxFY1QSISbFTvl8DiIOZRDAov/b2+GQiHGoa88IZJDMa9Ni/9pdiqDczejUZJKEmFlUVqQMihjOM0H9iknWLKxIghzqraEeIg4wlKlWFbnW/PHLpJO1bDqRv2uVmlezYIogUNwBE6ABRqgCa5BC7QBBs/gFXyAT+1Je9HetPcf65I26zkAf6BNvgGSzZt4</latexit>

!IRVary
Fix

<latexit sha1_base64="52UK0cc+oznYWEtZaTfHZC5Elcw=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEgMKCRV1cJWCQYGhiKRtlISRY7rtladh2wHqYryF/AzMCFg6w/wN7ghA7Scxcf3nHt17wkSRoU0zS9tZXVtfWOzslXd3tnd29cPDrsiTjkmNo5ZzPsBEoTRiNiSSkb6CScoDBjpBZPrud57JFzQOHqQ04R4IRpFdEgxkqrk6xeZWwxx+CjwMvPcNBrNeks9rfpVI4funRo1QH7m8hDa3Tz39ZppmAXgMrFKUgMlOr4+cwcxTkMSScyQEI5lJtLLEJcUM5JX3VSQBOEJGhFH0QiFRHhZsVMOT4cxh3JMYPH/7c1QKMQ0DJQnRHIsFrV58T/NSeXw0stolKSSRFhZlDZMGZQxnOcDB5QTLNlUEYQ5VVtCPEYcYalSrKrzrcVjl0m3blhNo3nfqLVvyiAq4BicgDNggRZog1vQATbA4Bm8gg/wqT1pL9qb9v5jXdHKniPwB9rsG6rZm4g=</latexit>

!UV
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<latexit sha1_base64="52UK0cc+oznYWEtZaTfHZC5Elcw=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEgMKCRV1cJWCQYGhiKRtlISRY7rtladh2wHqYryF/AzMCFg6w/wN7ghA7Scxcf3nHt17wkSRoU0zS9tZXVtfWOzslXd3tnd29cPDrsiTjkmNo5ZzPsBEoTRiNiSSkb6CScoDBjpBZPrud57JFzQOHqQ04R4IRpFdEgxkqrk6xeZWwxx+CjwMvPcNBrNeks9rfpVI4funRo1QH7m8hDa3Tz39ZppmAXgMrFKUgMlOr4+cwcxTkMSScyQEI5lJtLLEJcUM5JX3VSQBOEJGhFH0QiFRHhZsVMOT4cxh3JMYPH/7c1QKMQ0DJQnRHIsFrV58T/NSeXw0stolKSSRFhZlDZMGZQxnOcDB5QTLNlUEYQ5VVtCPEYcYalSrKrzrcVjl0m3blhNo3nfqLVvyiAq4BicgDNggRZog1vQATbA4Bm8gg/wqT1pL9qb9v5jXdHKniPwB9rsG6rZm4g=</latexit>

!UVVary

<latexit sha1_base64="UVvPJOBMIgAAFJ1kNADBujJalMM=">AAACG3icbVDNSgMxGMzWv1r/qh69BIugoGW3SO1FKOhBwYOKW4VuLd+m6TY02V2SrFCWPoq+jJ6kevPg25jWPah1TpOZSciMH3OmtG1/WrmZ2bn5hfxiYWl5ZXWtuL7RUFEiCXVJxCN554OinIXU1UxzehdLCsLn9Nbvn4z92wcqFYvCGz2IaUtAELIuI6CN1C7WvACEAHyMnYPgvoK9fXy+G+97F+aJDrRTTwp8fj38LbiN4V67WLLL9gR4mjgZKaEMl+3iyOtEJBE01ISDUk3HjnUrBakZ4XRY8BJFYyB9CGjT0BAEVa100nCId7qRxLpH8eT8M5uCUGogfJMRoHvqrzcW//Oaie7WWikL40TTkJiI8boJxzrC46Fwh0lKNB8YAkQy80tMeiCBaDNnwdR3/padJo1K2amWq1eHpfppNkQebaFttIscdITq6AxdIhcR9IRe0Bt6tx6tZ+vVGn1Hc1Z2ZxP9gvXxBbtOnrw=</latexit>

ω = 1→ g2 I(p,!IR,!UV)

We can fix the coupling and vary the cutoffs:
<latexit sha1_base64="CdMSDOG1JZTxis2iC490aNiiW3A=">AAACEnicbVDLSsNAFJ34rPUVdelmsAguJCaltLor6ELBRRX7gCSEyXTSDp08mJkIJeQv9Gd0JequP+DfOI1daOvZzJl7zr3ce/yEUSFN80tbWl5ZXVsvbZQ3t7Z3dvW9/Y6IU45JG8cs5j0fCcJoRNqSSkZ6CSco9Bnp+qPLqd59JFzQOHqQ44S4IRpENKAYSVXy9LPMKYbYfOC7mXlqGrV6taGeRvWilkPnVo3qIy9zeAhv7vPc0yumYRaAi8SakQqYoeXpE6cf4zQkkcQMCWFbZiLdDHFJMSN52UkFSRAeoQGxFY1QSISbFTvl8DiIOZRDAov/b2+GQiHGoa88IZJDMa9Ni/9pdiqDczejUZJKEmFlUVqQMihjOM0H9iknWLKxIghzqraEeIg4wlKlWFbnW/PHLpJO1bDqRv2uVmlezYIogUNwBE6ABRqgCa5BC7QBBs/gFXyAT+1Je9HetPcf65I26zkAf6BNvgGSzZt4</latexit>

!IRVary
Fix

<latexit sha1_base64="52UK0cc+oznYWEtZaTfHZC5Elcw=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEgMKCRV1cJWCQYGhiKRtlISRY7rtladh2wHqYryF/AzMCFg6w/wN7ghA7Scxcf3nHt17wkSRoU0zS9tZXVtfWOzslXd3tnd29cPDrsiTjkmNo5ZzPsBEoTRiNiSSkb6CScoDBjpBZPrud57JFzQOHqQ04R4IRpFdEgxkqrk6xeZWwxx+CjwMvPcNBrNeks9rfpVI4funRo1QH7m8hDa3Tz39ZppmAXgMrFKUgMlOr4+cwcxTkMSScyQEI5lJtLLEJcUM5JX3VSQBOEJGhFH0QiFRHhZsVMOT4cxh3JMYPH/7c1QKMQ0DJQnRHIsFrV58T/NSeXw0stolKSSRFhZlDZMGZQxnOcDB5QTLNlUEYQ5VVtCPEYcYalSrKrzrcVjl0m3blhNo3nfqLVvyiAq4BicgDNggRZog1vQATbA4Bm8gg/wqT1pL9qb9v5jXdHKniPwB9rsG6rZm4g=</latexit>

!UV Fix
<latexit sha1_base64="CdMSDOG1JZTxis2iC490aNiiW3A=">AAACEnicbVDLSsNAFJ34rPUVdelmsAguJCaltLor6ELBRRX7gCSEyXTSDp08mJkIJeQv9Gd0JequP+DfOI1daOvZzJl7zr3ce/yEUSFN80tbWl5ZXVsvbZQ3t7Z3dvW9/Y6IU45JG8cs5j0fCcJoRNqSSkZ6CSco9Bnp+qPLqd59JFzQOHqQ44S4IRpENKAYSVXy9LPMKYbYfOC7mXlqGrV6taGeRvWilkPnVo3qIy9zeAhv7vPc0yumYRaAi8SakQqYoeXpE6cf4zQkkcQMCWFbZiLdDHFJMSN52UkFSRAeoQGxFY1QSISbFTvl8DiIOZRDAov/b2+GQiHGoa88IZJDMa9Ni/9pdiqDczejUZJKEmFlUVqQMihjOM0H9iknWLKxIghzqraEeIg4wlKlWFbnW/PHLpJO1bDqRv2uVmlezYIogUNwBE6ABRqgCa5BC7QBBs/gFXyAT+1Je9HetPcf65I26zkAf6BNvgGSzZt4</latexit>

!IR



Outline
Introducing the problem… 

• Perturbative unitarity bounds 

Proposing a solution… 

• Entanglement in QFT 

• Computing the purity 

Reporting on the results… 

• Bounds in flat space 

• Bounds in de Sitter space



<latexit sha1_base64="BvKC24ZfBV5rPqAYVonLCCxAh/Q="></latexit>

L = →1

2
(ωµε)

2 → g

3!
ε3

<latexit sha1_base64="QLBwecbv3XFmlwpeFUUwux+tgGY=">AAACEXicbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2Tchmn0JfRk9GvekL+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidf9vogBOBivxSVvBtz2IVO4kmBr+/SWcGtp8edfMEu2xPgReJMSQFNUevkv7xuSGJBA004KNVy7Ei3E5CaEU7TnBcrGgEZQp+2DA1AUNVOJr1SfNQLJdYDiifvv9kEhFIj4ZuMAD1Q895Y/M9rxbp33k5YEMWaBsREjNeLOdYhHs+Du0xSovnIECCSmV9iMgAJRJsRc6a+M192kdRPyk6lXLk9LVQvp0Nk0QE6REXkoDNURVeohlxE0BN6Qe/ow3q0nq1X6+03mrGmN/toBtbnD4jWnCg=</latexit>

ω(g, p,!IR,!UV)

The partial wave coefficient diverges


Purity bound:



<latexit sha1_base64="BvKC24ZfBV5rPqAYVonLCCxAh/Q="></latexit>

L = →1

2
(ωµε)

2 → g

3!
ε3

<latexit sha1_base64="QLBwecbv3XFmlwpeFUUwux+tgGY=">AAACEXicbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2Tchmn0JfRk9GvekL+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidf9vogBOBivxSVvBtz2IVO4kmBr+/SWcGtp8edfMEu2xPgReJMSQFNUevkv7xuSGJBA004KNVy7Ei3E5CaEU7TnBcrGgEZQp+2DA1AUNVOJr1SfNQLJdYDiifvv9kEhFIj4ZuMAD1Q895Y/M9rxbp33k5YEMWaBsREjNeLOdYhHs+Du0xSovnIECCSmV9iMgAJRJsRc6a+M192kdRPyk6lXLk9LVQvp0Nk0QE6REXkoDNURVeohlxE0BN6Qe/ow3q0nq1X6+03mrGmN/toBtbnD4jWnCg=</latexit>

ω(g, p,!IR,!UV)

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→

The partial wave coefficient diverges


Purity bound:



<latexit sha1_base64="BvKC24ZfBV5rPqAYVonLCCxAh/Q="></latexit>

L = →1

2
(ωµε)

2 → g

3!
ε3

<latexit sha1_base64="QLBwecbv3XFmlwpeFUUwux+tgGY=">AAACEXicbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2Tchmn0JfRk9GvekL+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidf9vogBOBivxSVvBtz2IVO4kmBr+/SWcGtp8edfMEu2xPgReJMSQFNUevkv7xuSGJBA004KNVy7Ei3E5CaEU7TnBcrGgEZQp+2DA1AUNVOJr1SfNQLJdYDiifvv9kEhFIj4ZuMAD1Q895Y/M9rxbp33k5YEMWaBsREjNeLOdYhHs+Du0xSovnIECCSmV9iMgAJRJsRc6a+M192kdRPyk6lXLk9LVQvp0Nk0QE6REXkoDNURVeohlxE0BN6Qe/ow3q0nq1X6+03mrGmN/toBtbnD4jWnCg=</latexit>

ω(g, p,!IR,!UV)

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→

The partial wave coefficient diverges


Purity bound:
<latexit sha1_base64="hkQas6dOMT0lNL0BmVwC5WvJ/dM="></latexit>

=






1→
(

g

4ωp

)2 [1
2
→ !IR

p
+ log

(
1 +

!IR

p

)]
for 2!IR < p

1→
(

g

4ωp

)2

log

(
2
p+ !IR

p+ 2!IR

)
for !IR ↑ p ↑ 2!IR



<latexit sha1_base64="BvKC24ZfBV5rPqAYVonLCCxAh/Q="></latexit>

L = →1

2
(ωµε)

2 → g

3!
ε3

<latexit sha1_base64="QLBwecbv3XFmlwpeFUUwux+tgGY=">AAACEXicbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2Tchmn0JfRk9GvekL+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidf9vogBOBivxSVvBtz2IVO4kmBr+/SWcGtp8edfMEu2xPgReJMSQFNUevkv7xuSGJBA004KNVy7Ei3E5CaEU7TnBcrGgEZQp+2DA1AUNVOJr1SfNQLJdYDiifvv9kEhFIj4ZuMAD1Q895Y/M9rxbp33k5YEMWaBsREjNeLOdYhHs+Du0xSovnIECCSmV9iMgAJRJsRc6a+M192kdRPyk6lXLk9LVQvp0Nk0QE6REXkoDNURVeohlxE0BN6Qe/ow3q0nq1X6+03mrGmN/toBtbnD4jWnCg=</latexit>

ω(g, p,!IR,!UV)

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→

The partial wave coefficient diverges


Purity bound:

<latexit sha1_base64="fSg3EVTG71VPGV2fvbrTm4ybECA="></latexit>

ω → 0 ↑ !IR → |g|
4ε

log1/2(4/3) ↓ |g|
23

<latexit sha1_base64="hkQas6dOMT0lNL0BmVwC5WvJ/dM="></latexit>

=






1→
(

g

4ωp

)2 [1
2
→ !IR

p
+ log

(
1 +

!IR

p

)]
for 2!IR < p

1→
(

g

4ωp

)2

log

(
2
p+ !IR

p+ 2!IR

)
for !IR ↑ p ↑ 2!IR



Partial wave bound:




Purity bound:

<latexit sha1_base64="6qrQ0ptpSbWTw6CRzbU87AvTEjA="></latexit>

|a0| →
1

2
↑ |g|

m
→ 12ω

5
↓ 3

<latexit sha1_base64="4DaqsWdxp1ll/YtzdOyrC4975pQ="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

3!
ε3

<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)



Partial wave bound:




Purity bound:

<latexit sha1_base64="6qrQ0ptpSbWTw6CRzbU87AvTEjA="></latexit>

|a0| →
1

2
↑ |g|

m
→ 12ω

5
↓ 3

<latexit sha1_base64="4DaqsWdxp1ll/YtzdOyrC4975pQ="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

3!
ε3

<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→



Partial wave bound:




Purity bound:

<latexit sha1_base64="6qrQ0ptpSbWTw6CRzbU87AvTEjA="></latexit>

|a0| →
1

2
↑ |g|

m
→ 12ω

5
↓ 3

<latexit sha1_base64="4DaqsWdxp1ll/YtzdOyrC4975pQ="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

3!
ε3

<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0



Partial wave bound:




Purity bound:

<latexit sha1_base64="6qrQ0ptpSbWTw6CRzbU87AvTEjA="></latexit>

|a0| →
1

2
↑ |g|

m
→ 12ω

5
↓ 3

<latexit sha1_base64="4DaqsWdxp1ll/YtzdOyrC4975pQ="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

3!
ε3

<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)

<latexit sha1_base64="s7S/FZ5xcaivxIJJGI5ok4BD3ck=">AAACG3icbVA7T8MwGHR4lvIKMLJYVEhMVVKhwogEA2NBtCA1UeW4X1KrdpLaDqhK+1Pgz8CEChsD/wa3zcDrpvPdWfrugpQzpR3n01pYXFpeWS2tldc3Nre27Z3dlkoySaFJE57Iu4Ao4CyGpmaaw10qgYiAw23QP5/6t/cgFUviGz1MwRckilnIKNFG6tinXgQD7GBvMMhI17tmUU8TKZOHuYC9UBKaj6LROBdj7HFQSjGBa8cdu+JUnRnwX+IWpIIKNDr2xOsmNBMQa8qJUm3XSbWfE6kZ5TAue5mClNA+iaBtaEwEKD+fNRzjwzCRWPcAz97fszkRSg1FYDKC6J767U3F/7x2psNTP2dxmmmIqYkYL8w41gmeDoW7TALVfGgIoZKZKzHtEbOGNnOWTX33d9m/pFWruvVq/eq4cnZRDFFC++gAHSEXnaAzdIkaqIkoekIv6A29W4/Ws/VqTebRBav4s4d+wPr4Ar0ModE=</latexit>

→ 0 ↑ |g|
m

↭ 24

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0



Partial wave bound:




Purity bound:

<latexit sha1_base64="6qrQ0ptpSbWTw6CRzbU87AvTEjA="></latexit>

|a0| →
1

2
↑ |g|

m
→ 12ω

5
↓ 3

<latexit sha1_base64="4DaqsWdxp1ll/YtzdOyrC4975pQ="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

3!
ε3

<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)

<latexit sha1_base64="s7S/FZ5xcaivxIJJGI5ok4BD3ck=">AAACG3icbVA7T8MwGHR4lvIKMLJYVEhMVVKhwogEA2NBtCA1UeW4X1KrdpLaDqhK+1Pgz8CEChsD/wa3zcDrpvPdWfrugpQzpR3n01pYXFpeWS2tldc3Nre27Z3dlkoySaFJE57Iu4Ao4CyGpmaaw10qgYiAw23QP5/6t/cgFUviGz1MwRckilnIKNFG6tinXgQD7GBvMMhI17tmUU8TKZOHuYC9UBKaj6LROBdj7HFQSjGBa8cdu+JUnRnwX+IWpIIKNDr2xOsmNBMQa8qJUm3XSbWfE6kZ5TAue5mClNA+iaBtaEwEKD+fNRzjwzCRWPcAz97fszkRSg1FYDKC6J767U3F/7x2psNTP2dxmmmIqYkYL8w41gmeDoW7TALVfGgIoZKZKzHtEbOGNnOWTX33d9m/pFWruvVq/eq4cnZRDFFC++gAHSEXnaAzdIkaqIkoekIv6A29W4/Ws/VqTebRBav4s4d+wPr4Ar0ModE=</latexit>

→ 0 ↑ |g|
m

↭ 24

<latexit sha1_base64="8Go7cxbXoSlNcdURMheQAalWBzo=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCipqha2SjAwFok+pCSqHNdprToP2Q5SFOUL4GdgQsDGyg/wN7ghA7Sc5Z57z7F17/FiRoU0zS+tsrK6tr5R3axtbe/s7un7B30RJRyTHo5YxIceEoTRkPQklYwMY05Q4DEy8GZXc31wT7igUXgn05i4AZqE1KcYSTUa6aeZU3xi84nnZua5aTRbjbYq7cZlM4cODX2Zwnyk103DLACXiVWSOijRHemfzjjCSUBCiRkSwrbMWLoZ4pJiRvKakwgSIzxDE2IrGqKACDcrVsnhiR9xKKcEFv1vb4YCIdLAU54AyalY1ObD/zQ7kf6Fm9EwTiQJsbIozU8YlBGcxwLHlBMsWaoIwpyqLSGeIo6wVOHV1PnW4rHLpN8wrJbRum3WO9dlEFVwBI7BGbBAG3TADeiCHsDgETyDN/CuPWhP2ov2+mOtaOWbQ/AH2sc36ziX2g==</latexit>→<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0

The bounds are qualitatively similar



<latexit sha1_base64="K+2IcckNFZdbycWzLITHOmOD3BI="></latexit>

L = →1

2
(ωµε)

2 → g

2
ε(ωµε)

2

Under a field redefinition, this theory becomes free:
<latexit sha1_base64="US95KDsSJCn1vyM3IIskRsQJEGw="></latexit>

ω →↑ ω(ε) =
1

g

(
1 +

3g

2
ε

)2/3

→ 1

g
<latexit sha1_base64="jsgIuPyyZzzhTgSf/4XcX1sk1/c="></latexit>

L(ω) →↑ L
[
ω(ε)

]
= →1

2
(ϑµε)

2

so there is no partial wave bound



<latexit sha1_base64="K+2IcckNFZdbycWzLITHOmOD3BI="></latexit>

L = →1

2
(ωµε)

2 → g

2
ε(ωµε)

2

Under a field redefinition, this theory becomes free:
<latexit sha1_base64="US95KDsSJCn1vyM3IIskRsQJEGw="></latexit>

ω →↑ ω(ε) =
1

g

(
1 +

3g

2
ε

)2/3

→ 1

g
<latexit sha1_base64="jsgIuPyyZzzhTgSf/4XcX1sk1/c="></latexit>

L(ω) →↑ L
[
ω(ε)

]
= →1

2
(ϑµε)

2

so there is no partial wave bound

However, the wavefunction and the purity depend on the choice of fields:
<latexit sha1_base64="eeqeWjS+KiiyLuyQ4kvSqYp3D9M="></latexit>

ω → 0 ↑ !3
UV ↭ 24ε2 !IR

g2



<latexit sha1_base64="K+2IcckNFZdbycWzLITHOmOD3BI="></latexit>

L = →1

2
(ωµε)

2 → g

2
ε(ωµε)

2

Under a field redefinition, this theory becomes free:
<latexit sha1_base64="US95KDsSJCn1vyM3IIskRsQJEGw="></latexit>

ω →↑ ω(ε) =
1

g

(
1 +

3g

2
ε

)2/3

→ 1

g
<latexit sha1_base64="jsgIuPyyZzzhTgSf/4XcX1sk1/c="></latexit>

L(ω) →↑ L
[
ω(ε)

]
= →1

2
(ϑµε)

2

so there is no partial wave bound

However, the wavefunction and the purity depend on the choice of fields:
<latexit sha1_base64="eeqeWjS+KiiyLuyQ4kvSqYp3D9M="></latexit>

ω → 0 ↑ !3
UV ↭ 24ε2 !IR

g2

Purity bounds exist even in absence of partial wave bounds



<latexit sha1_base64="S29sZ8Ah4Rtq9Zl/NoFdcPJlLqg="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

2
ε(ωµε)

2

Partial wave bound:
<latexit sha1_base64="Xofs0lDcBbpCdLMmL7RLpYrtXLs="></latexit>

|a0| →
1

2
↑ g2m2 → 32ω

19
↓ 5

Purity bound:
<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)



<latexit sha1_base64="S29sZ8Ah4Rtq9Zl/NoFdcPJlLqg="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

2
ε(ωµε)

2

Partial wave bound:
<latexit sha1_base64="Xofs0lDcBbpCdLMmL7RLpYrtXLs="></latexit>

|a0| →
1

2
↑ g2m2 → 32ω

19
↓ 5

Purity bound: <latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)



<latexit sha1_base64="S29sZ8Ah4Rtq9Zl/NoFdcPJlLqg="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

2
ε(ωµε)

2

Partial wave bound:
<latexit sha1_base64="Xofs0lDcBbpCdLMmL7RLpYrtXLs="></latexit>

|a0| →
1

2
↑ g2m2 → 32ω

19
↓ 5

Purity bound: <latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)
<latexit sha1_base64="553TTu3UEdAXCGDT8Pm3uIEbS6o="></latexit>

→ 0 ↑ !3
UV ↭ 24ω2m

g2



<latexit sha1_base64="S29sZ8Ah4Rtq9Zl/NoFdcPJlLqg="></latexit>

L = →1

2
(ωµε)

2 → m2

2
ε2 → g

2
ε(ωµε)

2

Partial wave bound:
<latexit sha1_base64="Xofs0lDcBbpCdLMmL7RLpYrtXLs="></latexit>

|a0| →
1

2
↑ g2m2 → 32ω

19
↓ 5

Purity bound:

Under the previous field redefinition:
<latexit sha1_base64="adAvW0M10/a0m+75jbJtwBY22mE="></latexit>

L(ω) →↑ L
[
ω(ε)

]
= →1

2
(ϑµε)

2 → m2

2
ε2 +

gm2

2
ε3 → 19g2m2

96
ε4 + . . .

Then:
<latexit sha1_base64="fgV5CHKyCHDN3LJe8f64+gzjsGo=">AAACG3icbVBLTwIxGOziG1+rHr00EhNPZJcQ5EiiB49oRE1YIN+Wj6Wh3V3aroYQf4r+GT0Z9ObBf2NBDr7mNJ2ZJt9MmAqujed9OLmFxaXlldW1/PrG5ta2u7N7pZNMMWywRCTqJgSNgsfYMNwIvEkVggwFXoeDk6l/fYtK8yS+NKMUWxKimPc4A2OljlsNIpASaBDhkHo0GA4z6AYXPOobUCq5+xJo1C7JdokGArXWXNJKueMWvKI3A/1L/DkpkDnqHXcSdBOWSYwNE6B10/dS0xqDMpwJvM8HmcYU2AAibFoag0TdGs8a3tPDXqKo6SOdvb9nxyC1HsnQZiSYvv7tTcX/vGZmetXWmMdpZjBmNmK9XiaoSeh0KNrlCpkRI0uAKW6vpKwPCpixc+Ztff932b/kqlT0K8XKeblQO50PsUr2yQE5Ij45JjVyRuqkQRh5JM/klbw5D86T8+JMvqI5Z/5nj/yA8/4JzKqglA==</latexit>

ω → 0 ↑ g2m2 ↭ 64

<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="CoF8j4lqjAAHCQ3CYnUyT1Ok64w=">AAACBHicbVC7TsMwFHXKq5RXgJHFUCExoMipqha2SjAwFok+pDSqHNdprToP2Q5SFWWFn4EJARtfwA/wN7ghA7Sc5Z57z7F17/FizqRC6MsorayurW+UNytb2zu7e+b+QVdGiSC0QyIeib6HJeUspB3FFKf9WFAceJz2vOnVXO/dUyFZFN6pWUzdAI9D5jOClR4NzeN0kH/iiLHnpugcWfVGralLs3ZZzyCC2dCsIgvlgMvELkgVFGgPzc/BKCJJQENFOJbSsVGs3BQLxQinWWWQSBpjMsVj6mga4oBKN823yOCpHwmoJhTm/W9vigMpZ4GnPQFWE7mozYf/aU6i/As3ZWGcKBoSbdGan3CoIjhPBI6YoETxmSaYCKa3hGSCBSZK51bR59uLxy6Tbs2yG1bjtl5tXRdBlMEROAFnwAZN0AI3oA06gIBH8AzewLvxYDwZL8brj7VkFG8OwR8YH999F5VS</latexit>

0
<latexit sha1_base64="UB6cA7ES3SCyQbpA+cElmZm0fRs=">AAACE3icbVDNTgIxGOziH+If6tFLIzHBhJBdY9AjiR408YDGBRKWkG9LgYZ2d9N2TchmH0NfRk9GPekD+DYW5CDgnKYz8yWd8SPOlLbtbyuztLyyupZdz21sbm3v5Hf36iqMJaEuCXkomz4oyllAXc00p81IUhA+pw1/eDH2Gw9UKhYG93oU0baAfsB6jIA2Uidve30QAnCxXxKlqOTdmNMudBJPCnx9l84Kbj097uQLdtmeAC8SZ0oKaIpaJ//pdUMSCxpowkGplmNHup2A1Ixwmua8WNEIyBD6tGVoAIKqdjJpluKjXiixHlA8ef/NJiCUGgnfZATogZr3xuJ/XivWvfN2woIo1jQgJmK8XsyxDvF4INxlkhLNR4YAkcz8EpMBSCDazJgz9Z35soukflJ2KuXK7WmhejkdIosO0CEqIgedoSq6QjXkIoKe0At6Rx/Wo/VsvVpvv9GMNb3ZRzOwvn4A1Eic1Q==</latexit>

ω(g,m, p,!IR,!UV)
<latexit sha1_base64="553TTu3UEdAXCGDT8Pm3uIEbS6o="></latexit>

→ 0 ↑ !3
UV ↭ 24ω2m

g2



Outline
Introducing the problem… 

• Perturbative unitarity bounds 

Proposing a solution… 

• Entanglement in QFT 

• Computing the purity 

Reporting on the results… 

• Bounds in flat space 

• Bounds in de Sitter space



<latexit sha1_base64="oK7SNbuf97J7VI3P2Hf8+CiNGBQ="></latexit>

L =
1

2
ω̇2 → 1

2a2
(εiω)

2 +
g1
3!
ω̇3 +

g2
2a2

ω̇(εiω)
2 + . . .

<latexit sha1_base64="M8gowVxxWXdhSGBGCCEpJQnDYGE="></latexit>

ω = 1→
(
H

2

80ε

)2 (
331

18
g
2
1 +

22959

2
g
2
2 → 879g1g2

)



<latexit sha1_base64="oK7SNbuf97J7VI3P2Hf8+CiNGBQ="></latexit>

L =
1

2
ω̇2 → 1

2a2
(εiω)

2 +
g1
3!
ω̇3 +

g2
2a2

ω̇(εiω)
2 + . . .

<latexit sha1_base64="M8gowVxxWXdhSGBGCCEpJQnDYGE="></latexit>

ω = 1→
(
H

2

80ε

)2 (
331

18
g
2
1 +

22959

2
g
2
2 → 879g1g2

)

We compare with:


• 

Pajer, Melville ’21


• Partial wave bounds

Grall, Melville ‘20

<latexit sha1_base64="KCZL698OBi20mzon4sbEdJd8iUU=">AAACEXicbVDLTsJAFJ3iC/GFunQzkZjAQtISgy5JdOESE3kktDbT4QITpp06MzUhDV+hP6Mro+70B/wbB2Qh4Fmde8+5yT0niDlT2ra/rczK6tr6RnYzt7W9s7uX3z9oKpFICg0quJDtgCjgLIKGZppDO5ZAwoBDKxheTvTWA0jFRHSrRzF4IelHrMco0Wbl58turJhfuUtdGeKic8qFiEtj7HK4x3OSlgClsZ8v2GV7CrxMnBkpoBnqfv7L7QqahBBpyolSHceOtZcSqRnlMM65iYKY0CHpQ8fQiISgvHSaa4xPekJiPQA8nf96UxIqNQoD4wmJHqhFbbL8T+skunfhpSyKEw0RNRaj9RKOtcCTenCXSaCajwwhVDLzJaYDIgnVpsScie8shl0mzUrZqZarN2eF2tWsiCw6QseoiBx0jmroGtVRA1H0hF7QO/qwHq1n69V6+7VmrNnNIZqD9fkDn4acNQ==</latexit>

ω(1→loop)
2 → ω(tree)

2






The integral diverges due to the 
squeezed configurations:


<latexit sha1_base64="f0ZsPmGspdqQKthDcovbHZRSAYQ="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk) <latexit sha1_base64="XcgNixJnTU4K2Sz7ajA6WndQ0mM=">AAACGnicbZBLSwMxFIUz9VXrq+rSTbAILrTMiLSCFAq6cFnBPqBTSia904ZmHiaZQpnOP9E/oyux7tz4b0zrLLT1bPLlnhPIuU7ImVSm+WVkVlbX1jeym7mt7Z3dvfz+QUMGkaBQpwEPRMshEjjzoa6Y4tAKBRDP4dB0hjczvzkCIVngP6hxCB2P9H3mMkqUHnXz5Yk9AhoPk0kF27F5ZjPfVWM7wfZjRHr4Oj3TEK6czylMuvmCWTTnwstgpVBAqWrd/NTuBTTywFeUEynblhmqTkyEYpRDkrMjCSGhQ9KHtkafeCA78bxggk/cQGA1ADy//87GxJNy7Dk64xE1kIvebPif146Ue9WJmR9GCnyqI9pzI45VgGd7wj0mgCo+1kCoYPqXmA6IIFTpbeZ0fWux7DI0LopWqVi6vyxUb9NFZNEROkanyEJlVEV3qIbqiKJn9Iqm6MN4Ml6MN+P9J5ox0jeH6I+Mz2/KZKCp</latexit>

|ωk| = {0,→} ; ωk = ↑ωp

<latexit sha1_base64="ORRly8oNfrfajM0iFr0kIoFIqoo="></latexit>

L = →1

2
(ωµε)

2 → g

2
εε̇2






The integral diverges due to the 
squeezed configurations:


<latexit sha1_base64="f0ZsPmGspdqQKthDcovbHZRSAYQ="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk) <latexit sha1_base64="XcgNixJnTU4K2Sz7ajA6WndQ0mM=">AAACGnicbZBLSwMxFIUz9VXrq+rSTbAILrTMiLSCFAq6cFnBPqBTSia904ZmHiaZQpnOP9E/oyux7tz4b0zrLLT1bPLlnhPIuU7ImVSm+WVkVlbX1jeym7mt7Z3dvfz+QUMGkaBQpwEPRMshEjjzoa6Y4tAKBRDP4dB0hjczvzkCIVngP6hxCB2P9H3mMkqUHnXz5Yk9AhoPk0kF27F5ZjPfVWM7wfZjRHr4Oj3TEK6czylMuvmCWTTnwstgpVBAqWrd/NTuBTTywFeUEynblhmqTkyEYpRDkrMjCSGhQ9KHtkafeCA78bxggk/cQGA1ADy//87GxJNy7Dk64xE1kIvebPif146Ue9WJmR9GCnyqI9pzI45VgGd7wj0mgCo+1kCoYPqXmA6IIFTpbeZ0fWux7DI0LopWqVi6vyxUb9NFZNEROkanyEJlVEV3qIbqiKJn9Iqm6MN4Ml6MN+P9J5ox0jeH6I+Mz2/KZKCp</latexit>

|ωk| = {0,→} ; ωk = ↑ωp

<latexit sha1_base64="ORRly8oNfrfajM0iFr0kIoFIqoo="></latexit>

L = →1

2
(ωµε)

2 → g

2
εε̇2

<latexit sha1_base64="KT5VsGOyq6Lu57w2ahNozuy8Mtk=">AAACBnicbVDLSsNAFJ34rPVVdelmsAguJCSltLor6MJlBfuANJTJ9KYdOnkwMxFKyF5/Rlei7vwAf8C/cRqz0Nazuefec2a493gxZ1JZ1pexsrq2vrFZ2ipv7+zu7VcODrsySgSFDo14JPoekcBZCB3FFId+LIAEHoeeN72a6717EJJF4Z2axeAGZBwyn1Gi9GhYqaaD/BNHjD03tc4ts96oNXVp1i7rGZ4OJc60yzKtHHiZ2AWpogLtYeVzMIpoEkCoKCdSOrYVKzclQjHKISsPEgkxoVMyBkfTkAQg3TTfI8OnfiSwmgDO+9/elARSzgJPewKiJnJRmw//05xE+RduysI4URBSbdGan3CsIjzPBI+YAKr4TBNCBdNbYjohglClkyvr8+3FY5dJt2baDbNxW6+2rosgSugYnaAzZKMmaqEb1EYdRNEjekZv6N14MJ6MF+P1x7piFG+O0B8YH99uQpZz</latexit>

ks
<latexit sha1_base64="fmttFYUIlP1UnhkgVAcKKGoTAOs=">AAACC3icbVC7TsMwFHXKq5RXgJHFokLqgKKkqlrYKsHAWCT6kJIoclynteo8ZDtIVZRPgJ+BCQEbGz/A3+CGDNByFh/fc2zdc/yEUSFN80urrK1vbG5Vt2s7u3v7B/rh0UDEKcekj2MW85GPBGE0In1JJSOjhBMU+owM/dnVQh/eEy5oHN3JeULcEE0iGlCMpBp5eiNzik9sPvHdzDw3jVa72VFHp3nZyuHMY46MoQlzT6+bhlkArhKrJHVQoufpn844xmlIIokZEsK2zES6GeKSYkbympMKkiA8QxNiKxqhkAg3K5bJ4VkQcyinBBb3394MhULMQ195QiSnYllbDP/T7FQGF25GoySVJMLKorQgZVDFWxQDx5QTLNlcEYQ5VVtCPEUcYanqq6n41nLYVTJoGlbbaN+26t3rsogqOAGnoAEs0AFdcAN6oA8weATP4A28aw/ak/aivf5YK1r55hj8gfbxDatGmC0=</latexit>

kl → 0






The integral diverges due to the 
squeezed configurations:


<latexit sha1_base64="f0ZsPmGspdqQKthDcovbHZRSAYQ="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk) <latexit sha1_base64="XcgNixJnTU4K2Sz7ajA6WndQ0mM=">AAACGnicbZBLSwMxFIUz9VXrq+rSTbAILrTMiLSCFAq6cFnBPqBTSia904ZmHiaZQpnOP9E/oyux7tz4b0zrLLT1bPLlnhPIuU7ImVSm+WVkVlbX1jeym7mt7Z3dvfz+QUMGkaBQpwEPRMshEjjzoa6Y4tAKBRDP4dB0hjczvzkCIVngP6hxCB2P9H3mMkqUHnXz5Yk9AhoPk0kF27F5ZjPfVWM7wfZjRHr4Oj3TEK6czylMuvmCWTTnwstgpVBAqWrd/NTuBTTywFeUEynblhmqTkyEYpRDkrMjCSGhQ9KHtkafeCA78bxggk/cQGA1ADy//87GxJNy7Dk64xE1kIvebPif146Ue9WJmR9GCnyqI9pzI45VgGd7wj0mgCo+1kCoYPqXmA6IIFTpbeZ0fWux7DI0LopWqVi6vyxUb9NFZNEROkanyEJlVEV3qIbqiKJn9Iqm6MN4Ml6MN+P9J5ox0jeH6I+Mz2/KZKCp</latexit>

|ωk| = {0,→} ; ωk = ↑ωp

<latexit sha1_base64="ORRly8oNfrfajM0iFr0kIoFIqoo="></latexit>

L = →1

2
(ωµε)

2 → g

2
εε̇2

<latexit sha1_base64="KT5VsGOyq6Lu57w2ahNozuy8Mtk=">AAACBnicbVDLSsNAFJ34rPVVdelmsAguJCSltLor6MJlBfuANJTJ9KYdOnkwMxFKyF5/Rlei7vwAf8C/cRqz0Nazuefec2a493gxZ1JZ1pexsrq2vrFZ2ipv7+zu7VcODrsySgSFDo14JPoekcBZCB3FFId+LIAEHoeeN72a6717EJJF4Z2axeAGZBwyn1Gi9GhYqaaD/BNHjD03tc4ts96oNXVp1i7rGZ4OJc60yzKtHHiZ2AWpogLtYeVzMIpoEkCoKCdSOrYVKzclQjHKISsPEgkxoVMyBkfTkAQg3TTfI8OnfiSwmgDO+9/elARSzgJPewKiJnJRmw//05xE+RduysI4URBSbdGan3CsIjzPBI+YAKr4TBNCBdNbYjohglClkyvr8+3FY5dJt2baDbNxW6+2rosgSugYnaAzZKMmaqEb1EYdRNEjekZv6N14MJ6MF+P1x7piFG+O0B8YH99uQpZz</latexit>

ks
<latexit sha1_base64="fmttFYUIlP1UnhkgVAcKKGoTAOs=">AAACC3icbVC7TsMwFHXKq5RXgJHFokLqgKKkqlrYKsHAWCT6kJIoclynteo8ZDtIVZRPgJ+BCQEbGz/A3+CGDNByFh/fc2zdc/yEUSFN80urrK1vbG5Vt2s7u3v7B/rh0UDEKcekj2MW85GPBGE0In1JJSOjhBMU+owM/dnVQh/eEy5oHN3JeULcEE0iGlCMpBp5eiNzik9sPvHdzDw3jVa72VFHp3nZyuHMY46MoQlzT6+bhlkArhKrJHVQoufpn844xmlIIokZEsK2zES6GeKSYkbympMKkiA8QxNiKxqhkAg3K5bJ4VkQcyinBBb3394MhULMQ195QiSnYllbDP/T7FQGF25GoySVJMLKorQgZVDFWxQDx5QTLNlcEYQ5VVtCPEUcYanqq6n41nLYVTJoGlbbaN+26t3rsogqOAGnoAEs0AFdcAN6oA8weATP4A28aw/ak/aivf5YK1r55hj8gfbxDatGmC0=</latexit>

kl → 0

We use a cutoff on           and get 

<latexit sha1_base64="qWLmkGczj8uyL1hGLdFqychxmyI="></latexit>

ω → 0 ↑
(
ks

kl

)3

↓ 6

(
4ε

gH

)2

<latexit sha1_base64="+p9pIMeXi0d71iNAVn6mLo2MSx4=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuKqJSHVZ0IXLCvYCbQiT6Uk7ZnJhZiKU0HfQlag7n8cX8G2c1iy09V99c/5/4PzHTwVX2ra/rNLK6tr6RnmzsrW9s7tX3T/oqCSTDNssEYns+VSh4DG2NdcCe6lEGvkCu354PfO7jygVT+J7PUnRjego5gFnVJtRN/TUWegJr1qz6/ZcZBmcAmpQqOVVPwfDhGURxpoJqlTfsVPt5lRqzgROK4NMYUpZSEfYNxjTCJWbz9edkpMgkUSPkczfv7M5jZSaRL7JRFSP1aI3G/7n9TMdXLk5j9NMY8xMxHhBJohOyKw1GXKJTIuJAcokN1sSNqaSMm1uUzH1ncWyy9A5rzuNeuPuota8KQ5RhiM4hlNw4BKacAstaAODEJ7hDd6tB+vJerFef6Ilq/hzCH9kfXwD/4qNBA==</latexit>

ks/kl






The integral diverges due to the 
squeezed configurations:


<latexit sha1_base64="f0ZsPmGspdqQKthDcovbHZRSAYQ="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk) <latexit sha1_base64="XcgNixJnTU4K2Sz7ajA6WndQ0mM=">AAACGnicbZBLSwMxFIUz9VXrq+rSTbAILrTMiLSCFAq6cFnBPqBTSia904ZmHiaZQpnOP9E/oyux7tz4b0zrLLT1bPLlnhPIuU7ImVSm+WVkVlbX1jeym7mt7Z3dvfz+QUMGkaBQpwEPRMshEjjzoa6Y4tAKBRDP4dB0hjczvzkCIVngP6hxCB2P9H3mMkqUHnXz5Yk9AhoPk0kF27F5ZjPfVWM7wfZjRHr4Oj3TEK6czylMuvmCWTTnwstgpVBAqWrd/NTuBTTywFeUEynblhmqTkyEYpRDkrMjCSGhQ9KHtkafeCA78bxggk/cQGA1ADy//87GxJNy7Dk64xE1kIvebPif146Ue9WJmR9GCnyqI9pzI45VgGd7wj0mgCo+1kCoYPqXmA6IIFTpbeZ0fWux7DI0LopWqVi6vyxUb9NFZNEROkanyEJlVEV3qIbqiKJn9Iqm6MN4Ml6MN+P9J5ox0jeH6I+Mz2/KZKCp</latexit>

|ωk| = {0,→} ; ωk = ↑ωp

<latexit sha1_base64="ORRly8oNfrfajM0iFr0kIoFIqoo="></latexit>

L = →1

2
(ωµε)

2 → g

2
εε̇2

We use a cutoff on           and get 

<latexit sha1_base64="qWLmkGczj8uyL1hGLdFqychxmyI="></latexit>

ω → 0 ↑
(
ks

kl

)3

↓ 6

(
4ε

gH

)2

<latexit sha1_base64="+p9pIMeXi0d71iNAVn6mLo2MSx4=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuKqJSHVZ0IXLCvYCbQiT6Uk7ZnJhZiKU0HfQlag7n8cX8G2c1iy09V99c/5/4PzHTwVX2ra/rNLK6tr6RnmzsrW9s7tX3T/oqCSTDNssEYns+VSh4DG2NdcCe6lEGvkCu354PfO7jygVT+J7PUnRjego5gFnVJtRN/TUWegJr1qz6/ZcZBmcAmpQqOVVPwfDhGURxpoJqlTfsVPt5lRqzgROK4NMYUpZSEfYNxjTCJWbz9edkpMgkUSPkczfv7M5jZSaRL7JRFSP1aI3G/7n9TMdXLk5j9NMY8xMxHhBJohOyKw1GXKJTIuJAcokN1sSNqaSMm1uUzH1ncWyy9A5rzuNeuPuota8KQ5RhiM4hlNw4BKacAstaAODEJ7hDd6tB+vJerFef6Ilq/hzCH9kfXwD/4qNBA==</latexit>

ks/kl

<latexit sha1_base64="i98nVM0JvUBGEl1wtPR8GJUTxqg=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuKqJSHVZ0IXLCvYCbQiT6Uk7ZnJhZiKU0HfQlag7n8cX8G2c1iy09V99c/5/4PzHTwVX2ra/rNLK6tr6RnmzsrW9s7tX3T/oqCSTDNssEYns+VSh4DG2NdcCe6lEGvkCu354PfO7jygVT+J7PUnRjego5gFnVJtRN/TOz0LP8ao1u27PRZbBKaAGhVpe9XMwTFgWYayZoEr1HTvVbk6l5kzgtDLIFKaUhXSEfYMxjVC5+XzdKTkJEkn0GMn8/Tub00ipSeSbTET1WC16s+F/Xj/TwZWb8zjNNMbMRIwXZILohMxakyGXyLSYGKBMcrMlYWMqKdPmNhVT31ksuwyd87rTqDfuLmrNm+IQZTiCYzgFBy6hCbfQgjYwCOEZ3uDderCerBfr9Sdasoo/h/BH1sc3RX6MiA==</latexit>

k2/k1

<latexit sha1_base64="xHf96oFwlpVFD2qUz7E6zbYe6EM=">AAAB6HicbZDLTsMwEEUnPEt5FViysaiQWJUEUGFZCRYsi0QfUhtFjjtpTZyHbAepivoPsELAju/hB/gb3JIFtNzV8dxrae74qeBK2/aXtbS8srq2Xtoob25t7+xW9vbbKskkwxZLRCK7PlUoeIwtzbXAbiqRRr7Ajh9eT/3OI0rFk/hej1N0IzqMecAZ1WbUCb3z09BzvErVrtkzkUVwCqhCoaZX+ewPEpZFGGsmqFI9x061m1OpORM4KfczhSllIR1iz2BMI1RuPlt3Qo6DRBI9QjJ7/87mNFJqHPkmE1E9UvPedPif18t0cOXmPE4zjTEzEeMFmSA6IdPWZMAlMi3GBiiT3GxJ2IhKyrS5TdnUd+bLLkL7rObUa/W7i2rjpjhECQ7hCE7AgUtowC00oQUMQniGN3i3Hqwn68V6/YkuWcWfA/gj6+MbRwCMiQ==</latexit>

k3/k1

<latexit sha1_base64="Tz7CcgNMj0qs+5gTuuRCJsOb3co=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a7qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4Fc/WKVg==</latexit>

0

<latexit sha1_base64="56CW0HOOJHmQaHMJZ32WFrUW7vk=">AAAB5HicbZDLSsNAFIZP6q3WW9Wlm8EiuAqJaHVZ0IXLivYCbSiT6Uk7dHJhZiKU0DfQlag7n8gX8G2cxiy09V99c/5/4PzHTwRX2nG+rNLK6tr6RnmzsrW9s7tX3T9oqziVDFssFrHs+lSh4BG2NNcCu4lEGvoCO/7keu53HlEqHkcPepqgF9JRxAPOqDaje8e+GFRrju3kIsvgFlCDQs1B9bM/jFkaYqSZoEr1XCfRXkal5kzgrNJPFSaUTegIewYjGqLysnzVGTkJYkn0GEn+/p3NaKjUNPRNJqR6rBa9+fA/r5fq4MrLeJSkGiNmIsYLUkF0TOaNyZBLZFpMDVAmudmSsDGVlGlzl4qp7y6WXYb2me3W7frdea1xUxyiDEdwDKfgwiU04Baa0AIGI3iGN3i3AuvJerFef6Ilq/hzCH9kfXwDUgqKzQ==</latexit>

0.5
<latexit sha1_base64="56CW0HOOJHmQaHMJZ32WFrUW7vk=">AAAB5HicbZDLSsNAFIZP6q3WW9Wlm8EiuAqJaHVZ0IXLivYCbSiT6Uk7dHJhZiKU0DfQlag7n8gX8G2cxiy09V99c/5/4PzHTwRX2nG+rNLK6tr6RnmzsrW9s7tX3T9oqziVDFssFrHs+lSh4BG2NNcCu4lEGvoCO/7keu53HlEqHkcPepqgF9JRxAPOqDaje8e+GFRrju3kIsvgFlCDQs1B9bM/jFkaYqSZoEr1XCfRXkal5kzgrNJPFSaUTegIewYjGqLysnzVGTkJYkn0GEn+/p3NaKjUNPRNJqR6rBa9+fA/r5fq4MrLeJSkGiNmIsYLUkF0TOaNyZBLZFpMDVAmudmSsDGVlGlzl4qp7y6WXYb2me3W7frdea1xUxyiDEdwDKfgwiU04Baa0AIGI3iGN3i3AuvJerFef6Ilq/hzCH9kfXwDUgqKzQ==</latexit>

0.5
<latexit sha1_base64="UUZwlAme/ECOGyvJ3pndQKqZXgk=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a3qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4FdXOKVw==</latexit>

1

<latexit sha1_base64="UUZwlAme/ECOGyvJ3pndQKqZXgk=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a3qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4FdXOKVw==</latexit>

1

EFTs in de Sitter fail to describe large energy hierarchies






The integral diverges due to the 
squeezed configurations:


<latexit sha1_base64="f0ZsPmGspdqQKthDcovbHZRSAYQ="></latexit>

ω = 1→ 2

∫
d3εk

(2ϑ)3
|ϖ3(εp,εk,→εp→ εk)|2

2Reϖ2(εp) 2Reϖ2(εk) 2Reϖ2(εp+ εk) <latexit sha1_base64="XcgNixJnTU4K2Sz7ajA6WndQ0mM=">AAACGnicbZBLSwMxFIUz9VXrq+rSTbAILrTMiLSCFAq6cFnBPqBTSia904ZmHiaZQpnOP9E/oyux7tz4b0zrLLT1bPLlnhPIuU7ImVSm+WVkVlbX1jeym7mt7Z3dvfz+QUMGkaBQpwEPRMshEjjzoa6Y4tAKBRDP4dB0hjczvzkCIVngP6hxCB2P9H3mMkqUHnXz5Yk9AhoPk0kF27F5ZjPfVWM7wfZjRHr4Oj3TEK6czylMuvmCWTTnwstgpVBAqWrd/NTuBTTywFeUEynblhmqTkyEYpRDkrMjCSGhQ9KHtkafeCA78bxggk/cQGA1ADy//87GxJNy7Dk64xE1kIvebPif146Ue9WJmR9GCnyqI9pzI45VgGd7wj0mgCo+1kCoYPqXmA6IIFTpbeZ0fWux7DI0LopWqVi6vyxUb9NFZNEROkanyEJlVEV3qIbqiKJn9Iqm6MN4Ml6MN+P9J5ox0jeH6I+Mz2/KZKCp</latexit>

|ωk| = {0,→} ; ωk = ↑ωp

<latexit sha1_base64="ORRly8oNfrfajM0iFr0kIoFIqoo="></latexit>

L = →1

2
(ωµε)

2 → g

2
εε̇2

We use a cutoff on           and get 

<latexit sha1_base64="qWLmkGczj8uyL1hGLdFqychxmyI="></latexit>

ω → 0 ↑
(
ks

kl

)3

↓ 6

(
4ε

gH

)2

EFTs in de Sitter fail to describe large energy hierarchies

and folded momentum configurations

<latexit sha1_base64="+p9pIMeXi0d71iNAVn6mLo2MSx4=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuKqJSHVZ0IXLCvYCbQiT6Uk7ZnJhZiKU0HfQlag7n8cX8G2c1iy09V99c/5/4PzHTwVX2ra/rNLK6tr6RnmzsrW9s7tX3T/oqCSTDNssEYns+VSh4DG2NdcCe6lEGvkCu354PfO7jygVT+J7PUnRjego5gFnVJtRN/TUWegJr1qz6/ZcZBmcAmpQqOVVPwfDhGURxpoJqlTfsVPt5lRqzgROK4NMYUpZSEfYNxjTCJWbz9edkpMgkUSPkczfv7M5jZSaRL7JRFSP1aI3G/7n9TMdXLk5j9NMY8xMxHhBJohOyKw1GXKJTIuJAcokN1sSNqaSMm1uUzH1ncWyy9A5rzuNeuPuota8KQ5RhiM4hlNw4BKacAstaAODEJ7hDd6tB+vJerFef6Ilq/hzCH9kfXwD/4qNBA==</latexit>

ks/kl

<latexit sha1_base64="i98nVM0JvUBGEl1wtPR8GJUTxqg=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuKqJSHVZ0IXLCvYCbQiT6Uk7ZnJhZiKU0HfQlag7n8cX8G2c1iy09V99c/5/4PzHTwVX2ra/rNLK6tr6RnmzsrW9s7tX3T/oqCSTDNssEYns+VSh4DG2NdcCe6lEGvkCu354PfO7jygVT+J7PUnRjego5gFnVJtRN/TOz0LP8ao1u27PRZbBKaAGhVpe9XMwTFgWYayZoEr1HTvVbk6l5kzgtDLIFKaUhXSEfYMxjVC5+XzdKTkJEkn0GMn8/Tub00ipSeSbTET1WC16s+F/Xj/TwZWb8zjNNMbMRIwXZILohMxakyGXyLSYGKBMcrMlYWMqKdPmNhVT31ksuwyd87rTqDfuLmrNm+IQZTiCYzgFBy6hCbfQgjYwCOEZ3uDderCerBfr9Sdasoo/h/BH1sc3RX6MiA==</latexit>

k2/k1

<latexit sha1_base64="xHf96oFwlpVFD2qUz7E6zbYe6EM=">AAAB6HicbZDLTsMwEEUnPEt5FViysaiQWJUEUGFZCRYsi0QfUhtFjjtpTZyHbAepivoPsELAju/hB/gb3JIFtNzV8dxrae74qeBK2/aXtbS8srq2Xtoob25t7+xW9vbbKskkwxZLRCK7PlUoeIwtzbXAbiqRRr7Ajh9eT/3OI0rFk/hej1N0IzqMecAZ1WbUCb3z09BzvErVrtkzkUVwCqhCoaZX+ewPEpZFGGsmqFI9x061m1OpORM4KfczhSllIR1iz2BMI1RuPlt3Qo6DRBI9QjJ7/87mNFJqHPkmE1E9UvPedPif18t0cOXmPE4zjTEzEeMFmSA6IdPWZMAlMi3GBiiT3GxJ2IhKyrS5TdnUd+bLLkL7rObUa/W7i2rjpjhECQ7hCE7AgUtowC00oQUMQniGN3i3Hqwn68V6/YkuWcWfA/gj6+MbRwCMiQ==</latexit>

k3/k1

<latexit sha1_base64="Tz7CcgNMj0qs+5gTuuRCJsOb3co=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a7qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4Fc/WKVg==</latexit>

0

<latexit sha1_base64="56CW0HOOJHmQaHMJZ32WFrUW7vk=">AAAB5HicbZDLSsNAFIZP6q3WW9Wlm8EiuAqJaHVZ0IXLivYCbSiT6Uk7dHJhZiKU0DfQlag7n8gX8G2cxiy09V99c/5/4PzHTwRX2nG+rNLK6tr6RnmzsrW9s7tX3T9oqziVDFssFrHs+lSh4BG2NNcCu4lEGvoCO/7keu53HlEqHkcPepqgF9JRxAPOqDaje8e+GFRrju3kIsvgFlCDQs1B9bM/jFkaYqSZoEr1XCfRXkal5kzgrNJPFSaUTegIewYjGqLysnzVGTkJYkn0GEn+/p3NaKjUNPRNJqR6rBa9+fA/r5fq4MrLeJSkGiNmIsYLUkF0TOaNyZBLZFpMDVAmudmSsDGVlGlzl4qp7y6WXYb2me3W7frdea1xUxyiDEdwDKfgwiU04Baa0AIGI3iGN3i3AuvJerFef6Ilq/hzCH9kfXwDUgqKzQ==</latexit>

0.5
<latexit sha1_base64="56CW0HOOJHmQaHMJZ32WFrUW7vk=">AAAB5HicbZDLSsNAFIZP6q3WW9Wlm8EiuAqJaHVZ0IXLivYCbSiT6Uk7dHJhZiKU0DfQlag7n8gX8G2cxiy09V99c/5/4PzHTwRX2nG+rNLK6tr6RnmzsrW9s7tX3T9oqziVDFssFrHs+lSh4BG2NNcCu4lEGvoCO/7keu53HlEqHkcPepqgF9JRxAPOqDaje8e+GFRrju3kIsvgFlCDQs1B9bM/jFkaYqSZoEr1XCfRXkal5kzgrNJPFSaUTegIewYjGqLysnzVGTkJYkn0GEn+/p3NaKjUNPRNJqR6rBa9+fA/r5fq4MrLeJSkGiNmIsYLUkF0TOaNyZBLZFpMDVAmudmSsDGVlGlzl4qp7y6WXYb2me3W7frdea1xUxyiDEdwDKfgwiU04Baa0AIGI3iGN3i3AuvJerFef6Ilq/hzCH9kfXwDUgqKzQ==</latexit>

0.5
<latexit sha1_base64="UUZwlAme/ECOGyvJ3pndQKqZXgk=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a3qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4FdXOKVw==</latexit>

1

<latexit sha1_base64="UUZwlAme/ECOGyvJ3pndQKqZXgk=">AAAB4nicbZDLSgNBEEVr4ivGV9Slm8YguAozItFlQBcuEzAPSIbQ06lJmvQ86K4RQsgP6ErUnZ/kD/g3duIsNHpXp+vehroVpEoact1Pp7C2vrG5Vdwu7ezu7R+UD4/aJsm0wJZIVKK7ATeoZIwtkqSwm2rkUaCwE0xuFn7nAbWRSXxP0xT9iI9iGUrByY6a3qBccavuUuwveDlUIFdjUP7oDxORRRiTUNyYnuem5M+4JikUzkv9zGDKxYSPsGcx5hEaf7ZcdM7OwkQzGiNbvn9mZzwyZhoFNhNxGptVbzH8z+tlFF77MxmnGWEsbMR6YaYYJWzRlw2lRkFqaoELLe2WTIy55oLsVUq2vrda9i+0L6perVprXlbqt/khinACp3AOHlxBHe6gAS0QgPAEr/DmDJ1H59l5+Y4WnPzPMfyS8/4FdXOKVw==</latexit>

1



High-dimension operators

<latexit sha1_base64="iHf4K6ggOuuoh0/aZFb8n12OEAo="></latexit>

ω

!!→4
ε
!→3

ϑ
3 → ϖ3 ↑






∫
dt eikt ↑ ω

!!→4
· f(k

↑s)

k∫
dϱ ϱ!→4

e
ikω ↑ ω

!!→4
· ”(#↓ 3) · f(k

↑s, H)

k!→3
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in dS



We studied:

    

<latexit sha1_base64="7bqWyhV1fnNqRMOjm6tA9wjxHSc="></latexit>

ω

!!→4

(
ε

!
3 →2

ϑ̇

)3
→ ϖ = 1↑ ω

2 ·
(
H

!

)!→4

· a(”)

High-dimension operators

<latexit sha1_base64="Ei/ZH9kBSf2x8MChPzAifY2/jRY=">AAAB53icbZDLTgJBEEVr8IX4Ql26mUhMXJEZY9AliSxcYiKPBCakp6mBlp5HumtMyIRv0JVRd/6PP+Df2OAsFLyr03VvJ3XLT6TQ5DhfVmFtfWNzq7hd2tnd2z8oHx61dZwqji0ey1h1faZRighbJEhiN1HIQl9ix5/czP3OIyot4uiepgl6IRtFIhCckRm1+w2UxAblilN1FrJXwc2hArmag/JnfxjzNMSIuGRa91wnIS9jigSXOCv1U40J4xM2wp7BiIWovWyx7cw+C2Jl0xjtxft3NmOh1tPQN5mQ0Vgve/Phf14vpeDay0SUpIQRNxHjBam0Kbbnpe2hUMhJTg0wroTZ0uZjphgnc5qSqe8ul12F9kXVrVVrd5eVeiM/RBFO4BTOwYUrqMMtNKEFHB7gGd7g3RLWk/Vivf5EC1b+5xj+yPr4Bk7GjJ4=</latexit>

!

<latexit sha1_base64="rnJRNaKXc+n9W4K1VTw5hxhGBYs=">AAACDHicbVDLTgIxFO34RHyNunTTSEwgMWSGENAdiSxcYiKPhJmQTrlAQ+eRtmNCJvML+jO6MurOlT/g31hwFgqezT33ntPm3uNFnEllWV/G2vrG5tZ2bie/u7d/cGgeHXdkGAsKbRryUPQ8IoGzANqKKQ69SADxPQ5db3o917v3ICQLgzs1i8D1yThgI0aJ0qOBWUqcxSd9MfbcxLqwytVapa5LvXJVTTEpOk3gipRwOjALVtlaAK8SOyMFlKE1MD+dYUhjHwJFOZGyb1uRchMiFKMc0rwTS4gInZIx9DUNiA/STRbbpPh8FAqsJoAX/W9vQnwpZ76nPT5RE7mszYf/af1YjS7dhAVRrCCg2qK1UcyxCvE8GTxkAqjiM00IFUxviemECEKVzi+vz7eXj10lnUrZrpVrt9VCo5kFkUOn6AwVkY3qqIFuUAu1EUWP6Bm9oXfjwXgyXozXH+uakb05QX9gfHwDJr6Yag==</latexit>

a(!)
<latexit sha1_base64="m0rpyOEE62TXIhhlOhAoTlrACoI=">AAACE3icbVDLTgIxFO3gC/GFunRTJSaY6GSG8HBJIguXmMgjgQnplDvQ0Hmk7ZiQCZ+hP6Mro670A/wbC7IQ8GzuufecNvceN+JMKsv6NlJr6xubW+ntzM7u3v5B9vCoKcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLmjm6neegAhWRjcq3EEjk8GAfMYJUqPelkr6c4+6YiB6ySWWaoUSpcLZYLz3RpwRa6KF6d40svmLNOaAa8Se05yaI56L/vZ7Yc09iFQlBMpO7YVKSchQjHKYZLpxhIiQkdkAB1NA+KDdJLZUhN87oUCqyHgWf/XmxBfyrHvao9P1FAua9Phf1onVt61k7AgihUEVFu05sUcqxBPA8J9JoAqPtaEUMH0lpgOiSBU6Rgz+nx7+dhV0iyYdtks3xVz1do8iDQ6QWcoj2xUQVV0i+qogSh6Qi/oHX0Yj8az8Wq8/VpTxvzNMVqA8fUDKreZzw==</latexit>

(!→ 4)!

<latexit sha1_base64="kW+KRidAKBssTvMWZeeV/P7D8B8=">AAACFXicbVDLTgIxFO34RHyhLt1UiQkmSmYID5cksnCJiTySmZF0ygUaOo+0HRMy4Tv0Z3Rl1IWJa//GgiwEPJt77j2nzb3HiziTyjS/jZXVtfWNzdRWentnd28/c3DYlGEsKDRoyEPR9ogEzgJoKKY4tCMBxPc4tLzh9URvPYCQLAzu1CgC1yf9gPUYJUqPOplC4kw/sUXfcxMzX6oUShdzZYxzTg24IpfF85P7Ah53Mlkzb06Bl4k1I1k0Q72T+XS6IY19CBTlRErbMiPlJkQoRjmM004sISJ0SPpgaxoQH6SbTNca47NeKLAaAJ72f70J8aUc+Z72+EQN5KI2Gf6n2bHqXbkJC6JYQUC1RWu9mGMV4klEuMsEUMVHmhAqmN4S0wERhCodZFqfby0eu0yahbxVzpdvi9lqbRZECh2jU5RDFqqgKrpBddRAFD2hF/SOPoxH49l4Nd5+rSvG7M0RmoPx9QNn5ppz</latexit>

(!→ 4)!2

<latexit sha1_base64="iHf4K6ggOuuoh0/aZFb8n12OEAo="></latexit>

ω

!!→4
ε
!→3

ϑ
3 → ϖ3 ↑






∫
dt eikt ↑ ω

!!→4
· f(k

↑s)

k∫
dϱ ϱ!→4

e
ikω ↑ ω

!!→4
· ”(#↓ 3) · f(k

↑s, H)

k!→3

in Minkowski

in dS



We studied:

    

<latexit sha1_base64="7bqWyhV1fnNqRMOjm6tA9wjxHSc="></latexit>

ω

!!→4

(
ε

!
3 →2

ϑ̇

)3
→ ϖ = 1↑ ω

2 ·
(
H

!

)!→4

· a(”)

The usual suppression is not enough, we need:
<latexit sha1_base64="lQ5LR2Q0oXGdWJ1UplSIyI2yUJ0=">AAACE3icbVBLSwMxGMzWV62vVY9eokWooGVXSvVYsAcPHirYB3RryabftqHZB0lWKMv+DP0zehL1pD/Af2NaK2jrnCYz80Fm3IgzqSzr08gsLC4tr2RXc2vrG5tb5vZOQ4axoFCnIQ9FyyUSOAugrpji0IoEEN/l0HSHF2O/eQdCsjC4UaMIOj7pB8xjlCgtdU3L8QShicP1SY+kScGpAlfkpHS0j51j52oi3yY/app2zbxVtCbA88SekjyaotY1351eSGMfAkU5kbJtW5HqJEQoRjmkOSeWEBE6JH1oaxoQH2QnmTRL8aEXCqwGgCfv39mE+FKOfFdnfKIGctYbi/957Vh5552EBVGsIKA6oj0v5liFeDwQ7jEBVPGRJoQKpn+J6YDokZSeMafr27Nl50njtGiXi+XrUr5SnQ6RRXvoABWQjc5QBV2iGqojih7QE3pFb8a98Wg8Gy/f0YwxvdlFf2B8fAFruJ0t</latexit>

ω

(!→ 4)!”!→4

High-dimension operators

<latexit sha1_base64="Ei/ZH9kBSf2x8MChPzAifY2/jRY=">AAAB53icbZDLTgJBEEVr8IX4Ql26mUhMXJEZY9AliSxcYiKPBCakp6mBlp5HumtMyIRv0JVRd/6PP+Df2OAsFLyr03VvJ3XLT6TQ5DhfVmFtfWNzq7hd2tnd2z8oHx61dZwqji0ey1h1faZRighbJEhiN1HIQl9ix5/czP3OIyot4uiepgl6IRtFIhCckRm1+w2UxAblilN1FrJXwc2hArmag/JnfxjzNMSIuGRa91wnIS9jigSXOCv1U40J4xM2wp7BiIWovWyx7cw+C2Jl0xjtxft3NmOh1tPQN5mQ0Vgve/Phf14vpeDay0SUpIQRNxHjBam0Kbbnpe2hUMhJTg0wroTZ0uZjphgnc5qSqe8ul12F9kXVrVVrd5eVeiM/RBFO4BTOwYUrqMMtNKEFHB7gGd7g3RLWk/Vivf5EC1b+5xj+yPr4Bk7GjJ4=</latexit>

!

<latexit sha1_base64="rnJRNaKXc+n9W4K1VTw5hxhGBYs=">AAACDHicbVDLTgIxFO34RHyNunTTSEwgMWSGENAdiSxcYiKPhJmQTrlAQ+eRtmNCJvML+jO6MurOlT/g31hwFgqezT33ntPm3uNFnEllWV/G2vrG5tZ2bie/u7d/cGgeHXdkGAsKbRryUPQ8IoGzANqKKQ69SADxPQ5db3o917v3ICQLgzs1i8D1yThgI0aJ0qOBWUqcxSd9MfbcxLqwytVapa5LvXJVTTEpOk3gipRwOjALVtlaAK8SOyMFlKE1MD+dYUhjHwJFOZGyb1uRchMiFKMc0rwTS4gInZIx9DUNiA/STRbbpPh8FAqsJoAX/W9vQnwpZ76nPT5RE7mszYf/af1YjS7dhAVRrCCg2qK1UcyxCvE8GTxkAqjiM00IFUxviemECEKVzi+vz7eXj10lnUrZrpVrt9VCo5kFkUOn6AwVkY3qqIFuUAu1EUWP6Bm9oXfjwXgyXozXH+uakb05QX9gfHwDJr6Yag==</latexit>

a(!)
<latexit sha1_base64="m0rpyOEE62TXIhhlOhAoTlrACoI=">AAACE3icbVDLTgIxFO3gC/GFunRTJSaY6GSG8HBJIguXmMgjgQnplDvQ0Hmk7ZiQCZ+hP6Mro670A/wbC7IQ8GzuufecNvceN+JMKsv6NlJr6xubW+ntzM7u3v5B9vCoKcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLmjm6neegAhWRjcq3EEjk8GAfMYJUqPelkr6c4+6YiB6ySWWaoUSpcLZYLz3RpwRa6KF6d40svmLNOaAa8Se05yaI56L/vZ7Yc09iFQlBMpO7YVKSchQjHKYZLpxhIiQkdkAB1NA+KDdJLZUhN87oUCqyHgWf/XmxBfyrHvao9P1FAua9Phf1onVt61k7AgihUEVFu05sUcqxBPA8J9JoAqPtaEUMH0lpgOiSBU6Rgz+nx7+dhV0iyYdtks3xVz1do8iDQ6QWcoj2xUQVV0i+qogSh6Qi/oHX0Yj8az8Wq8/VpTxvzNMVqA8fUDKreZzw==</latexit>

(!→ 4)!

<latexit sha1_base64="kW+KRidAKBssTvMWZeeV/P7D8B8=">AAACFXicbVDLTgIxFO34RHyhLt1UiQkmSmYID5cksnCJiTySmZF0ygUaOo+0HRMy4Tv0Z3Rl1IWJa//GgiwEPJt77j2nzb3HiziTyjS/jZXVtfWNzdRWentnd28/c3DYlGEsKDRoyEPR9ogEzgJoKKY4tCMBxPc4tLzh9URvPYCQLAzu1CgC1yf9gPUYJUqPOplC4kw/sUXfcxMzX6oUShdzZYxzTg24IpfF85P7Ah53Mlkzb06Bl4k1I1k0Q72T+XS6IY19CBTlRErbMiPlJkQoRjmM004sISJ0SPpgaxoQH6SbTNca47NeKLAaAJ72f70J8aUc+Z72+EQN5KI2Gf6n2bHqXbkJC6JYQUC1RWu9mGMV4klEuMsEUMVHmhAqmN4S0wERhCodZFqfby0eu0yahbxVzpdvi9lqbRZECh2jU5RDFqqgKrpBddRAFD2hF/SOPoxH49l4Nd5+rSvG7M0RmoPx9QNn5ppz</latexit>

(!→ 4)!2

<latexit sha1_base64="iHf4K6ggOuuoh0/aZFb8n12OEAo="></latexit>

ω
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∫
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· ”(#↓ 3) · f(k

↑s, H)

k!→3
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We studied:

    

<latexit sha1_base64="7bqWyhV1fnNqRMOjm6tA9wjxHSc="></latexit>

ω

!!→4

(
ε

!
3 →2

ϑ̇

)3
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2 ·
(
H

!

)!→4

· a(”)

The usual suppression is not enough, we need:
<latexit sha1_base64="lQ5LR2Q0oXGdWJ1UplSIyI2yUJ0=">AAACE3icbVBLSwMxGMzWV62vVY9eokWooGVXSvVYsAcPHirYB3RryabftqHZB0lWKMv+DP0zehL1pD/Af2NaK2jrnCYz80Fm3IgzqSzr08gsLC4tr2RXc2vrG5tb5vZOQ4axoFCnIQ9FyyUSOAugrpji0IoEEN/l0HSHF2O/eQdCsjC4UaMIOj7pB8xjlCgtdU3L8QShicP1SY+kScGpAlfkpHS0j51j52oi3yY/app2zbxVtCbA88SekjyaotY1351eSGMfAkU5kbJtW5HqJEQoRjmkOSeWEBE6JH1oaxoQH2QnmTRL8aEXCqwGgCfv39mE+FKOfFdnfKIGctYbi/957Vh5552EBVGsIKA6oj0v5liFeDwQ7jEBVPGRJoQKpn+J6YDokZSeMafr27Nl50njtGiXi+XrUr5SnQ6RRXvoABWQjc5QBV2iGqojih7QE3pFb8a98Wg8Gy/f0YwxvdlFf2B8fAFruJ0t</latexit>

ω

(!→ 4)!”!→4

High-dimension operators

<latexit sha1_base64="Ei/ZH9kBSf2x8MChPzAifY2/jRY=">AAAB53icbZDLTgJBEEVr8IX4Ql26mUhMXJEZY9AliSxcYiKPBCakp6mBlp5HumtMyIRv0JVRd/6PP+Df2OAsFLyr03VvJ3XLT6TQ5DhfVmFtfWNzq7hd2tnd2z8oHx61dZwqji0ey1h1faZRighbJEhiN1HIQl9ix5/czP3OIyot4uiepgl6IRtFIhCckRm1+w2UxAblilN1FrJXwc2hArmag/JnfxjzNMSIuGRa91wnIS9jigSXOCv1U40J4xM2wp7BiIWovWyx7cw+C2Jl0xjtxft3NmOh1tPQN5mQ0Vgve/Phf14vpeDay0SUpIQRNxHjBam0Kbbnpe2hUMhJTg0wroTZ0uZjphgnc5qSqe8ul12F9kXVrVVrd5eVeiM/RBFO4BTOwYUrqMMtNKEFHB7gGd7g3RLWk/Vivf5EC1b+5xj+yPr4Bk7GjJ4=</latexit>

!

<latexit sha1_base64="rnJRNaKXc+n9W4K1VTw5hxhGBYs=">AAACDHicbVDLTgIxFO34RHyNunTTSEwgMWSGENAdiSxcYiKPhJmQTrlAQ+eRtmNCJvML+jO6MurOlT/g31hwFgqezT33ntPm3uNFnEllWV/G2vrG5tZ2bie/u7d/cGgeHXdkGAsKbRryUPQ8IoGzANqKKQ69SADxPQ5db3o917v3ICQLgzs1i8D1yThgI0aJ0qOBWUqcxSd9MfbcxLqwytVapa5LvXJVTTEpOk3gipRwOjALVtlaAK8SOyMFlKE1MD+dYUhjHwJFOZGyb1uRchMiFKMc0rwTS4gInZIx9DUNiA/STRbbpPh8FAqsJoAX/W9vQnwpZ76nPT5RE7mszYf/af1YjS7dhAVRrCCg2qK1UcyxCvE8GTxkAqjiM00IFUxviemECEKVzi+vz7eXj10lnUrZrpVrt9VCo5kFkUOn6AwVkY3qqIFuUAu1EUWP6Bm9oXfjwXgyXozXH+uakb05QX9gfHwDJr6Yag==</latexit>

a(!)
<latexit sha1_base64="m0rpyOEE62TXIhhlOhAoTlrACoI=">AAACE3icbVDLTgIxFO3gC/GFunRTJSaY6GSG8HBJIguXmMgjgQnplDvQ0Hmk7ZiQCZ+hP6Mro670A/wbC7IQ8GzuufecNvceN+JMKsv6NlJr6xubW+ntzM7u3v5B9vCoKcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLmjm6neegAhWRjcq3EEjk8GAfMYJUqPelkr6c4+6YiB6ySWWaoUSpcLZYLz3RpwRa6KF6d40svmLNOaAa8Se05yaI56L/vZ7Yc09iFQlBMpO7YVKSchQjHKYZLpxhIiQkdkAB1NA+KDdJLZUhN87oUCqyHgWf/XmxBfyrHvao9P1FAua9Phf1onVt61k7AgihUEVFu05sUcqxBPA8J9JoAqPtaEUMH0lpgOiSBU6Rgz+nx7+dhV0iyYdtks3xVz1do8iDQ6QWcoj2xUQVV0i+qogSh6Qi/oHX0Yj8az8Wq8/VpTxvzNMVqA8fUDKreZzw==</latexit>

(!→ 4)!

<latexit sha1_base64="kW+KRidAKBssTvMWZeeV/P7D8B8=">AAACFXicbVDLTgIxFO34RHyhLt1UiQkmSmYID5cksnCJiTySmZF0ygUaOo+0HRMy4Tv0Z3Rl1IWJa//GgiwEPJt77j2nzb3HiziTyjS/jZXVtfWNzdRWentnd28/c3DYlGEsKDRoyEPR9ogEzgJoKKY4tCMBxPc4tLzh9URvPYCQLAzu1CgC1yf9gPUYJUqPOplC4kw/sUXfcxMzX6oUShdzZYxzTg24IpfF85P7Ah53Mlkzb06Bl4k1I1k0Q72T+XS6IY19CBTlRErbMiPlJkQoRjmM004sISJ0SPpgaxoQH6SbTNca47NeKLAaAJ72f70J8aUc+Z72+EQN5KI2Gf6n2bHqXbkJC6JYQUC1RWu9mGMV4klEuMsEUMVHmhAqmN4S0wERhCodZFqfby0eu0yahbxVzpdvi9lqbRZECh2jU5RDFqqgKrpBddRAFD2hF/SOPoxH49l4Nd5+rSvG7M0RmoPx9QNn5ppz</latexit>

(!→ 4)!2

<latexit sha1_base64="iHf4K6ggOuuoh0/aZFb8n12OEAo="></latexit>

ω

!!→4
ε
!→3

ϑ
3 → ϖ3 ↑






∫
dt eikt ↑ ω

!!→4
· f(k

↑s)

k∫
dϱ ϱ!→4

e
ikω ↑ ω

!!→4
· ”(#↓ 3) · f(k

↑s, H)

k!→3

in Minkowski

in dS

The dS power-counting scheme is different!
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• General relativity

A naive application of our purity bounds to three-graviton interaction in flat space yields
<latexit sha1_base64="eZhJGWIhc2nW2oGK3Ye5cevCmlc="></latexit>

ω → 0 ↑ !IR

!UV
→ 1

45ε2

(
!UV

MPl

)2

More investigation is required on the effect of constraint equations and choice of gauge
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A naive application of our purity bounds to three-graviton interaction in flat space yields
<latexit sha1_base64="eZhJGWIhc2nW2oGK3Ye5cevCmlc="></latexit>

ω → 0 ↑ !IR

!UV
→ 1

45ε2

(
!UV

MPl

)2

More investigation is required on the effect of constraint equations and choice of gauge

• Local non-Gaussianity

For a dS theory with only a 3-point wavefunction coefficient corresponding to local NG:
<latexit sha1_base64="dID9+TbajN/iPdBfAY3vTkAfozQ="></latexit>∣∣∣f (loc)
NL

∣∣∣ ↭ 5ω

6
→
A

(
kmin

kmax

)3/2

↑ 0.8

Inflationary models with local NG avoid this problem by working non-perturbatively
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• Purity bounds correctly reproduce the scaling of loop contributions


• This approach works for curved spacetimes


• Purity bounds depend on the choice of field basis


• In flat space, the bounds capture the range of modes that the EFT describes


• In de Sitter, EFTs can break down for large momentum hierarchies

<latexit sha1_base64="awNqgQ/p6BXpR2BRFNFxq60gAKE=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmjEGXJLpwiYn8JMyEdModaGhnhrZjQgivoSuj7nwYX8C3seAsFDyrr/ecJvfcMBVcG9f9cgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqE1KNgsfYNNwI7KQKqQwFtsPRzdxvP6LSPIkfzCTFQNJBzCPOqLGjwB9QKSnxBzgmbq9ccavuQmQVvBwqkKvRK3/6/YRlEmPDBNW667mpCaZUGc4Ezkp+pjGlbEQH2LUYU4k6mC6WnpGzKFHEDJEs3r+zUyq1nsjQZiQ1Q73szYf/ed3MRNfBlMdpZjBmNmK9KBPEJGTenfS5QmbExAJlitstCRtSRZmxFyrZ+t5y2VVoXVS9WrV2f1mp3+aHKMIJnMI5eHAFdbiDBjSBwRie4Q3endR5cl6c159owcn/HMMfOR/fl62PBg==</latexit>

ω → 0

Thank you!


