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• Bosonic statistics lead to remarkable physics 

• Quantum light, superconducting bosonic modes… 

• Crucial for quantum information processing 

• Landmark quantum computational advantage experiments 

• Candidate platforms for building universal quantum computers
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Context and motivation

[Brenner et al, arXiv:2412.13164 (2024)]

Bosonic computations

Factoring in polynomial time and constant space with standard qubit-boson gates

What is the role of energy in the computational power of bosons?
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Energy: average particle number

Infinite dimension

Position and momentum operators

Number operator n̂ =
1

2
(q̂2 + p̂2 � 1)
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Bosonic quantum information

N⇢ = Tr(n̂⇢)
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Standard gate set
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Polynomial Hamiltonians Ĥ = poly(q̂1, p̂1, . . . , q̂m, p̂m)
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Bosonic quantum gates
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Gaussian non-Gaussian

Intuition: Clifford and non-Clifford gates
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Fourier gate

Cubic phase gate
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Gaussian non-Gaussian

Intuition: Clifford and non-Clifford gates

Intuition: Hadamard gate

Intuition: T gate

Bosonic quantum gates
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<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

| ti
<latexit sha1_base64="nYVDlyD7FHDUmWaTPNDtZ75Bxmc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbTbt0swm7E6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawej66nffmBK81je4ThhfkQGkoecEjTS/ZOXaN5DTxE5EKxXrjhVZwZ7mbg5qUCORq/85fVjmkZMIhVE667rJOhnRCGngk1KXqpZQuiIDFjXUEkipv1sdvXEPjFK3w5jZUqiPVN/T2Qk0nocBaYzIjjUi95U/M/rphhe+hmXSYpM0vmiMBU2xvY0ArvPFaMoxoYQqri51aZDoghFE1TJhOAuvrxMWrWqe1at3Z5X6ld5HEU4gmM4BRcuoA430IAmUFDwDK/wZj1aL9a79TFvLVj5zCH8gfX5AwHVktY=</latexit>

gates
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|0i
<latexit sha1_base64="mFbyg4gJW0ZXAvvu82LjFXT3NAg=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/ZA2lM120i7dbMLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGis9PLldReVAYK9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx28IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo96XOFzIixJZQpbm8lbEgVZcZmVLQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMIniGV3hzlPPivDsf89YVJ585gj9wPn8AtneQWQ==</latexit>

. . .

2t
<latexit sha1_base64="b6hEioozXJhNKjlt8ceGaBw2okY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhxr2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AVJkjTg=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

| ti
<latexit sha1_base64="nYVDlyD7FHDUmWaTPNDtZ75Bxmc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbTbt0swm7E6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawej66nffmBK81je4ThhfkQGkoecEjTS/ZOXaN5DTxE5EKxXrjhVZwZ7mbg5qUCORq/85fVjmkZMIhVE667rJOhnRCGngk1KXqpZQuiIDFjXUEkipv1sdvXEPjFK3w5jZUqiPVN/T2Qk0nocBaYzIjjUi95U/M/rphhe+hmXSYpM0vmiMBU2xvY0ArvPFaMoxoYQqri51aZDoghFE1TJhOAuvrxMWrWqe1at3Z5X6ld5HEU4gmM4BRcuoA430IAmUFDwDK/wZj1aL9a79TFvLVj5zCH8gfX5AwHVktY=</latexit>

gates

h t|N̂ | ti >
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✓
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<latexit sha1_base64="OinPj5m66Az/KoIaawPxCuUIU4c="></latexit>
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|0i
<latexit sha1_base64="mFbyg4gJW0ZXAvvu82LjFXT3NAg=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/ZA2lM120i7dbMLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGis9PLldReVAYK9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx28IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo96XOFzIixJZQpbm8lbEgVZcZmVLQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMIniGV3hzlPPivDsf89YVJ585gj9wPn8AtneQWQ==</latexit>

. . .

2t
<latexit sha1_base64="b6hEioozXJhNKjlt8ceGaBw2okY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhxr2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AVJkjTg=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

| ti
<latexit sha1_base64="nYVDlyD7FHDUmWaTPNDtZ75Bxmc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbTbt0swm7E6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawej66nffmBK81je4ThhfkQGkoecEjTS/ZOXaN5DTxE5EKxXrjhVZwZ7mbg5qUCORq/85fVjmkZMIhVE667rJOhnRCGngk1KXqpZQuiIDFjXUEkipv1sdvXEPjFK3w5jZUqiPVN/T2Qk0nocBaYzIjjUi95U/M/rphhe+hmXSYpM0vmiMBU2xvY0ArvPFaMoxoYQqri51aZDoghFE1TJhOAuvrxMWrWqe1at3Z5X6ld5HEU4gmM4BRcuoA430IAmUFDwDK/wZj1aL9a79TFvLVj5zCH8gfX5AwHVktY=</latexit>

gates

Energy grows doubly exponentially fast!

h t|N̂ | ti >
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✓
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<latexit sha1_base64="OinPj5m66Az/KoIaawPxCuUIU4c="></latexit>



Energy growth in bosonic circuits

|0i
<latexit sha1_base64="mFbyg4gJW0ZXAvvu82LjFXT3NAg=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/ZA2lM120i7dbMLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGis9PLldReVAYK9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx28IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo96XOFzIixJZQpbm8lbEgVZcZmVLQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMIniGV3hzlPPivDsf89YVJ585gj9wPn8AtneQWQ==</latexit>

. . .

2t
<latexit sha1_base64="b6hEioozXJhNKjlt8ceGaBw2okY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhxr2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AVJkjTg=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

| ti
<latexit sha1_base64="nYVDlyD7FHDUmWaTPNDtZ75Bxmc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbTbt0swm7E6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawej66nffmBK81je4ThhfkQGkoecEjTS/ZOXaN5DTxE5EKxXrjhVZwZ7mbg5qUCORq/85fVjmkZMIhVE667rJOhnRCGngk1KXqpZQuiIDFjXUEkipv1sdvXEPjFK3w5jZUqiPVN/T2Qk0nocBaYzIjjUi95U/M/rphhe+hmXSYpM0vmiMBU2xvY0ArvPFaMoxoYQqri51aZDoghFE1TJhOAuvrxMWrWqe1at3Z5X6ld5HEU4gmM4BRcuoA430IAmUFDwDK/wZj1aL9a79TFvLVj5zCH8gfX5AwHVktY=</latexit>

gates

Energy grows doubly exponentially fast!

h t|N̂ | ti >
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<latexit sha1_base64="OinPj5m66Az/KoIaawPxCuUIU4c="></latexit>

A galactic algorithm…



Energy growth in bosonic circuits

|0i
<latexit sha1_base64="mFbyg4gJW0ZXAvvu82LjFXT3NAg=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/ZA2lM120i7dbMLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LejBP0IzqQPOSMGis9PLldReVAYK9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx28IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo96XOFzIixJZQpbm8lbEgVZcZmVLQheIsvL5NmteKdV6p3F+XadR5HAY7hBM7Ag0uowS3UoQEMIniGV3hzlPPivDsf89YVJ585gj9wPn8AtneQWQ==</latexit>

. . .

2t
<latexit sha1_base64="b6hEioozXJhNKjlt8ceGaBw2okY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilhxr2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m186JWdWGZAw1rYUkrn6eyKjkTGTKLCdEcWRWfZm4n9eN8Xw2s+ESlLkii0WhakkGJPZ22QgNGcoJ5ZQpoW9lbAR1ZShDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AVJkjTg=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit>

V̂ (3)(�)
<latexit sha1_base64="z/emYq3eBZfSnOoOKffurrgO0/M=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VoNyVpBV0W3bisYB/QxHIznbZDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHMmdKO822trK6tb2zmtvLbO7t7+/bBYVNFiSS0QSIeyXYAinIW0oZmmtN2LCmIgNNWMLqe+q0HKhWLwjs9jqkvYBCyPiOgjdS1j70haNy8T4vV0qToDUAIKHXtglN2ZsDLxM1IAWWod+0vrxeRRNBQEw5KdVwn1n4KUjPC6STvJYrGQEYwoB1DQxBU+ens+gk+M0oP9yNpKtR4pv6eSEEoNRaB6RSgh2rRm4r/eZ1E9y/9lIVxomlI5ov6Ccc6wtMocI9JSjQfGwJEMnMrJkOQQLQJLG9CcBdfXibNStmtliu354XaVRZHDp2gU1RELrpANXSD6qiBCHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QOoK5QQ</latexit> F̂

<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

F̂
<latexit sha1_base64="lAg1JUCyqbK+Sh2kxC2lFHCnCy8=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUxGMF+wFtKJvtpl27yYbdiVBC/4MXD4p49f9489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3nrg2QsUPOE64H9FBLELBKFqp2R1SJLe9UtmtuDOQZeLlpAw56r3SV7evWBrxGJmkxnQ8N0E/oxoFk3xS7KaGJ5SN6IB3LI1pxI2fza6dkFOr9EmotK0YyUz9PZHRyJhxFNjOiOLQLHpT8T+vk2J45WciTlLkMZsvClNJUJHp66QvNGcox5ZQpoW9lbAh1ZShDahoQ/AWX14mzWrFO69U7y/Ktes8jgIcwwmcgQeXUIM7qEMDGDzCM7zCm6OcF+fd+Zi3rjj5zBH8gfP5A/Zvjrk=</latexit>

| ti
<latexit sha1_base64="nYVDlyD7FHDUmWaTPNDtZ75Bxmc=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gOaWDbbTbt0swm7E6XE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATX6DjfVmFldW19o7hZ2tre2d0r7x+0dJwqypo0FrHqBEQzwSVrIkfBOoliJAoEawej66nffmBK81je4ThhfkQGkoecEjTS/ZOXaN5DTxE5EKxXrjhVZwZ7mbg5qUCORq/85fVjmkZMIhVE667rJOhnRCGngk1KXqpZQuiIDFjXUEkipv1sdvXEPjFK3w5jZUqiPVN/T2Qk0nocBaYzIjjUi95U/M/rphhe+hmXSYpM0vmiMBU2xvY0ArvPFaMoxoYQqri51aZDoghFE1TJhOAuvrxMWrWqe1at3Z5X6ld5HEU4gmM4BRcuoA430IAmUFDwDK/wZj1aL9a79TFvLVj5zCH8gfX5AwHVktY=</latexit>

gates

Energy grows doubly exponentially fast!

h t|N̂ | ti >
"
1

12

✓
�2

6

◆2t�1
#
(2t)2

t

<latexit sha1_base64="OinPj5m66Az/KoIaawPxCuUIU4c="></latexit>

Intuition: repeated squaring

F̂ †q̂F̂ = �p̂, F̂ †p̂F̂ = q̂
<latexit sha1_base64="p2/6dxp0KJK+1Ho6Gp+ZfK7G61o=">AAACKnicbVDNS8MwHE39nPOr6tFLcAgedLRTUBBhKojHCe4D1jrSNNvC0rQmqTDK/h4v/itedlCGV/8Qs7YH3XwQ8njv/Uh+z4sYlcqyJsbC4tLyymphrbi+sbm1be7sNmQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDW6nfvOFCElD/qiGEXED1OO0SzFSWuqY104fKXj35Piol9LnTLg6Se/o2LmEs5Eoj2T5jlmyylYKOE/snJRAjlrHHDt+iOOAcIUZkrJtW5FyEyQUxYyMik4sSYTwAPVIW1OOAiLdJF11BA+14sNuKPThCqbq74kEBVIOA08nA6T6ctabiv957Vh1L9yE8ihWhOPsoW7MoArhtDfoU0GwYkNNEBZU/xXiPhIIK91uUZdgz648TxqVsn1arjyclao3eR0FsA8OwBGwwTmogntQA3WAwSt4Bx/g03gzxsbE+MqiC0Y+swf+wPj+AQijpTE=</latexit>

V̂ (3)(�)†q̂V̂ (3)(�) = q̂, V̂ (3)(�)†p̂V̂ (3)(�) = p̂+ �q̂2
<latexit sha1_base64="B7Sa1FBOot/UlbaB2629MPp2VoE="></latexit>

F̂ †q̂F̂ = �p̂, F̂ †p̂F̂ = q̂
<latexit sha1_base64="p2/6dxp0KJK+1Ho6Gp+ZfK7G61o=">AAACKnicbVDNS8MwHE39nPOr6tFLcAgedLRTUBBhKojHCe4D1jrSNNvC0rQmqTDK/h4v/itedlCGV/8Qs7YH3XwQ8njv/Uh+z4sYlcqyJsbC4tLyymphrbi+sbm1be7sNmQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDW6nfvOFCElD/qiGEXED1OO0SzFSWuqY104fKXj35Piol9LnTLg6Se/o2LmEs5Eoj2T5jlmyylYKOE/snJRAjlrHHDt+iOOAcIUZkrJtW5FyEyQUxYyMik4sSYTwAPVIW1OOAiLdJF11BA+14sNuKPThCqbq74kEBVIOA08nA6T6ctabiv957Vh1L9yE8ihWhOPsoW7MoArhtDfoU0GwYkNNEBZU/xXiPhIIK91uUZdgz648TxqVsn1arjyclao3eR0FsA8OwBGwwTmogntQA3WAwSt4Bx/g03gzxsbE+MqiC0Y+swf+wPj+AQijpTE=</latexit>

V̂ (3)(�)†q̂V̂ (3)(�) = q̂, V̂ (3)(�)†p̂V̂ (3)(�) = p̂+ �q̂2
<latexit sha1_base64="B7Sa1FBOot/UlbaB2629MPp2VoE="></latexit>

n̂ =
1

2
(q̂2 + p̂2 � 1)

<latexit sha1_base64="JlahE8yrDhU8qjk+MlJD16/ir20=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQEcvMKOhGKLpxWcE+oNOWTJppQzOZMckIpfQD3Pgrblwo4tYPcOffmE670OqBwMk555Lc48ecKW3bX1ZmYXFpeSW7mltb39jcym/v1FSUSEKrJOKRbPhYUc4ErWqmOW3EkuLQ57TuD64mfv2eSsUicauHMW2FuCdYwAjWRurkC14fayQuvEBi4rjF9HrXdo9SErfdY+fQpOySnQL9Jc6MFGCGSif/6XUjkoRUaMKxUk3HjnVrhKVmhNNxzksUjTEZ4B5tGipwSFVrlC4zRgdG6aIgkuYIjVL158QIh0oNQ98kQ6z7at6biP95zUQH560RE3GiqSDTh4KEIx2hSTOoyyQlmg8NwUQy81dE+tjUok1/OVOCM7/yX1JzS85Jyb05LZQvZ3VkYQ/2oQgOnEEZrqECVSDwAE/wAq/Wo/VsvVnv02jGms3swi9YH98dH5kZ</latexit>
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Energy growth in bosonic circuits

• For some polynomial Hamiltonians, the energy diverges arbitrarily fast 

• For some polynomial Hamiltonians, the energy is always infinite

Other weird facts about energy growth:



Energy growth in bosonic circuits

• For some polynomial Hamiltonians, the energy diverges arbitrarily fast 

• For some polynomial Hamiltonians, the energy is always infinite 

• The problem of deciding whether a computation based on polynomial 
Hamiltonians will reach infinite energy is undecidable…

Other weird facts about energy growth:

Intuition: reduction to the undecidability of Diophantine equations



Bounding the computational power of bosons

Energy

Time



Bounding the computational power of bosons

Energy throughout the computation 
is polynomially bounded ⇢ BQP

<latexit sha1_base64="6g9RL7Uj7o9BTpxzGLiYOv0wnRQ=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mqoMdSLx5bsB/QhrLZTtqlmw92J2II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5Xiy4Qtv+Ngobm1vbO8Xd0t7+weGReXzSUVEiGbRZJCLZ86gCwUNoI0cBvVgCDTwBXW96O/e7DyAVj8J7TGNwAzoOuc8ZRS0NzfJAJZ4CHCA8ovKzRqs5G5oVu2ovYK0TJycVkqM5NL8Go4glAYTIBFWq79gxuhmVyJmAWWmQKIgpm9Ix9DUNaQDKzRbHz6xzrYwsP5K6QrQW6u+JjAZKpYGnOwOKE7XqzcX/vH6C/o2b8TBOEEK2XOQnwsLImidhjbgEhiLVhDLJ9a0Wm1BJGeq8SjoEZ/XlddKpVZ3Laq11Vak38jiK5JSckQvikGtSJ3ekSdqEkZQ8k1fyZjwZL8a78bFsLRj5TJn8gfH5A1TclTQ=</latexit>

Energy

Time

poly
<latexit sha1_base64="ZTdbLJ69DsG20+G30taaV4HNQzQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4B2KJk004YmmTHJFIah3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7RT3t3bPzisHB23dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gkmd7nfmVKlWSQfTRpTX+CRZCEj2FjJ7wtsxkpkccTT2aBSdWvuHGiVeAWpQoHmoPLVH0YkEVQawrHWPc+NjZ9hZRjhdFbuJ5rGmEzwiPYslVhQ7Wfz0DN0bpUhCiNlnzRorv7eyLDQOhWBncxD6mUvF//zeokJb/yMyTgxVJLFoTDhyEQobwANmaLE8NQSTBSzWREZY4WJsT2VbQne8pdXSbte8y5r9YerauO2qKMEp3AGF+DBNTTgHprQAgJP8Ayv8OZMnRfn3flYjK45xc4J/IHz+QOWA5Kh</latexit>

(any polynomial gate set)



Bounding the computational power of bosons

Energy throughout the computation 
is polynomially bounded
(any polynomial gate set)

⇢ BQP
<latexit sha1_base64="6g9RL7Uj7o9BTpxzGLiYOv0wnRQ=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mqoMdSLx5bsB/QhrLZTtqlmw92J2II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5Xiy4Qtv+Ngobm1vbO8Xd0t7+weGReXzSUVEiGbRZJCLZ86gCwUNoI0cBvVgCDTwBXW96O/e7DyAVj8J7TGNwAzoOuc8ZRS0NzfJAJZ4CHCA8ovKzRqs5G5oVu2ovYK0TJycVkqM5NL8Go4glAYTIBFWq79gxuhmVyJmAWWmQKIgpm9Ix9DUNaQDKzRbHz6xzrYwsP5K6QrQW6u+JjAZKpYGnOwOKE7XqzcX/vH6C/o2b8TBOEEK2XOQnwsLImidhjbgEhiLVhDLJ9a0Wm1BJGeq8SjoEZ/XlddKpVZ3Laq11Vak38jiK5JSckQvikGtSJ3ekSdqEkZQ8k1fyZjwZL8a78bFsLRj5TJn8gfH5A1TclTQ=</latexit>

⇢ PP
<latexit sha1_base64="soQXLhV4kjhB413XpaciXh58iXA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoMeiF48R7Ac0oWy2k3bp5oPdibSE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSAVXaNvfRmljc2t7p7xb2ds/ODwyj6ttlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCcZ3c7/zBFLxJH7EaQp+RIcxDzmjqKW+WfVUFihAD2GCKsxdd9Y3a3bdXsBaJ05BaqSA2ze/vEHCsghiZIIq1XPsFP2cSuRMwKziZQpSysZ0CD1NYxqB8vPF7TPrXCsDK0ykrhithfp7IqeRUtMo0J0RxZFa9ebif14vw/DGz3mcZggxWy4KM2FhYs2DsAZcAkMx1YQyyfWtFhtRSRnquCo6BGf15XXSbtSdy3rj4arWvC3iKJNTckYuiEOuSZPcE5e0CCMT8kxeyZsxM16Md+Nj2VoyipkT8gfG5w/C7ZTn</latexit>

Energy throughout the computation 
is exponentially bounded

Energy

Time

exp
<latexit sha1_base64="hH8+l6uKMfo9zQbVdDLOkLWlyGY=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjNV0GXRjcsK9gGdoWTSO21oJhOSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnlJxp47rfTmltfWNzq7xd2dnd2z+oHh51dJIqCm2a8ET1QqKBMwFtwwyHnlRA4pBDN5zc5n73EZRmiXgwUwlBTEaCRYwSYyXfj4kZqziDJzkbVGtu3Z0DrxKvIDVUoDWofvnDhKYxCEM50brvudIEGVGGUQ6zip9qkIROyAj6lgoSgw6yeeYZPrPKEEeJsk8YPFd/b2Qk1noah3Yyz6iXvVz8z+unJroOMiZkakDQxaEo5dgkOC8AD5kCavjUEkIVs1kxHRNFqLE1VWwJ3vKXV0mnUfcu6o37y1rzpqijjE7QKTpHHrpCTXSHWqiNKJLoGb2iNyd1Xpx352MxWnKKnWP0B87nD7dvkiA=</latexit>

poly
<latexit sha1_base64="ZTdbLJ69DsG20+G30taaV4HNQzQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4B2KJk004YmmTHJFIah3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7RT3t3bPzisHB23dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gkmd7nfmVKlWSQfTRpTX+CRZCEj2FjJ7wtsxkpkccTT2aBSdWvuHGiVeAWpQoHmoPLVH0YkEVQawrHWPc+NjZ9hZRjhdFbuJ5rGmEzwiPYslVhQ7Wfz0DN0bpUhCiNlnzRorv7eyLDQOhWBncxD6mUvF//zeokJb/yMyTgxVJLFoTDhyEQobwANmaLE8NQSTBSzWREZY4WJsT2VbQne8pdXSbte8y5r9YerauO2qKMEp3AGF+DBNTTgHprQAgJP8Ayv8OZMnRfn3flYjK45xc4J/IHz+QOWA5Kh</latexit>

(Gaussian + cubic gates)



Bounding the computational power of bosons

Energy throughout the computation 
is polynomially bounded

Energy throughout the computation 
is exponentially bounded
(Gaussian + cubic gates)

(any polynomial gate set)

Energy moments throughout the 
computation are uniformly bounded

⇢ BQP
<latexit sha1_base64="6g9RL7Uj7o9BTpxzGLiYOv0wnRQ=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mqoMdSLx5bsB/QhrLZTtqlmw92J2II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5Xiy4Qtv+Ngobm1vbO8Xd0t7+weGReXzSUVEiGbRZJCLZ86gCwUNoI0cBvVgCDTwBXW96O/e7DyAVj8J7TGNwAzoOuc8ZRS0NzfJAJZ4CHCA8ovKzRqs5G5oVu2ovYK0TJycVkqM5NL8Go4glAYTIBFWq79gxuhmVyJmAWWmQKIgpm9Ix9DUNaQDKzRbHz6xzrYwsP5K6QrQW6u+JjAZKpYGnOwOKE7XqzcX/vH6C/o2b8TBOEEK2XOQnwsLImidhjbgEhiLVhDLJ9a0Wm1BJGeq8SjoEZ/XlddKpVZ3Laq11Vak38jiK5JSckQvikGtSJ3ekSdqEkZQ8k1fyZjwZL8a78bFsLRj5TJn8gfH5A1TclTQ=</latexit>

⇢ PP
<latexit sha1_base64="soQXLhV4kjhB413XpaciXh58iXA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoMeiF48R7Ac0oWy2k3bp5oPdibSE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSAVXaNvfRmljc2t7p7xb2ds/ODwyj6ttlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCcZ3c7/zBFLxJH7EaQp+RIcxDzmjqKW+WfVUFihAD2GCKsxdd9Y3a3bdXsBaJ05BaqSA2ze/vEHCsghiZIIq1XPsFP2cSuRMwKziZQpSysZ0CD1NYxqB8vPF7TPrXCsDK0ykrhithfp7IqeRUtMo0J0RxZFa9ebif14vw/DGz3mcZggxWy4KM2FhYs2DsAZcAkMx1YQyyfWtFhtRSRnquCo6BGf15XXSbtSdy3rj4arWvC3iKJNTckYuiEOuSZPcE5e0CCMT8kxeyZsxM16Md+Nj2VoyipkT8gfG5w/C7ZTn</latexit>

⇢ R
<latexit sha1_base64="M7ORGB+1M1WiDRhsYz73oZpsETo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mqoMeiF49V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vo7Cyura+UdwsbW3v7O6Z5f2WilPJoMliEcuOTxUIHkETOQroJBJo6Ato+6Orqd++B6l4HN3hOAEvpIOIB5xR1FLPLLsq9RWgi/CIKshuJz2zYlftGaxl4uSkQnI0euaX249ZGkKETFCluo6doJdRiZwJmJTcVEFC2YgOoKtpRENQXjY7fWIda6VvBbHUFaE1U39PZDRUahz6ujOkOFSL3lT8z+umGFx4GY+SFCFi80VBKiyMrWkOVp9LYCjGmlAmub7VYkMqKUOdVkmH4Cy+vExatapzWq3dnFXql3kcRXJIjsgJccg5qZNr0iBNwsgDeSav5M14Ml6Md+Nj3low8pkD8gfG5w8gjZSP</latexit>

(any polynomial gate set)

Energy

Time

exp
<latexit sha1_base64="hH8+l6uKMfo9zQbVdDLOkLWlyGY=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjNV0GXRjcsK9gGdoWTSO21oJhOSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnlJxp47rfTmltfWNzq7xd2dnd2z+oHh51dJIqCm2a8ET1QqKBMwFtwwyHnlRA4pBDN5zc5n73EZRmiXgwUwlBTEaCRYwSYyXfj4kZqziDJzkbVGtu3Z0DrxKvIDVUoDWofvnDhKYxCEM50brvudIEGVGGUQ6zip9qkIROyAj6lgoSgw6yeeYZPrPKEEeJsk8YPFd/b2Qk1noah3Yyz6iXvVz8z+unJroOMiZkakDQxaEo5dgkOC8AD5kCavjUEkIVs1kxHRNFqLE1VWwJ3vKXV0mnUfcu6o37y1rzpqijjE7QKTpHHrpCTXSHWqiNKJLoGb2iNyd1Xpx352MxWnKKnWP0B87nD7dvkiA=</latexit>

poly
<latexit sha1_base64="ZTdbLJ69DsG20+G30taaV4HNQzQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4B2KJk004YmmTHJFIah3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7RT3t3bPzisHB23dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gkmd7nfmVKlWSQfTRpTX+CRZCEj2FjJ7wtsxkpkccTT2aBSdWvuHGiVeAWpQoHmoPLVH0YkEVQawrHWPc+NjZ9hZRjhdFbuJ5rGmEzwiPYslVhQ7Wfz0DN0bpUhCiNlnzRorv7eyLDQOhWBncxD6mUvF//zeokJb/yMyTgxVJLFoTDhyEQobwANmaLE8NQSTBSzWREZY4WJsT2VbQne8pdXSbte8y5r9YerauO2qKMEp3AGF+DBNTTgHprQAgJP8Ayv8OZMnRfn3flYjK45xc4J/IHz+QOWA5Kh</latexit>

?
<latexit sha1_base64="mw1bJo/9DNp8DutHGImvRCvU1iE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQW8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5EjjMc=</latexit>



Bounding the computational power of bosons

Energy throughout the computation 
is polynomially bounded

(Gaussian + cubic gates)

(any polynomial gate set)

Energy moments throughout the 
computation are uniformly bounded

⇢ BQP
<latexit sha1_base64="6g9RL7Uj7o9BTpxzGLiYOv0wnRQ=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mqoMdSLx5bsB/QhrLZTtqlmw92J2II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5Xiy4Qtv+Ngobm1vbO8Xd0t7+weGReXzSUVEiGbRZJCLZ86gCwUNoI0cBvVgCDTwBXW96O/e7DyAVj8J7TGNwAzoOuc8ZRS0NzfJAJZ4CHCA8ovKzRqs5G5oVu2ovYK0TJycVkqM5NL8Go4glAYTIBFWq79gxuhmVyJmAWWmQKIgpm9Ix9DUNaQDKzRbHz6xzrYwsP5K6QrQW6u+JjAZKpYGnOwOKE7XqzcX/vH6C/o2b8TBOEEK2XOQnwsLImidhjbgEhiLVhDLJ9a0Wm1BJGeq8SjoEZ/XlddKpVZ3Laq11Vak38jiK5JSckQvikGtSJ3ekSdqEkZQ8k1fyZjwZL8a78bFsLRj5TJn8gfH5A1TclTQ=</latexit>

⇢ PP
<latexit sha1_base64="soQXLhV4kjhB413XpaciXh58iXA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoMeiF48R7Ac0oWy2k3bp5oPdibSE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSAVXaNvfRmljc2t7p7xb2ds/ODwyj6ttlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCcZ3c7/zBFLxJH7EaQp+RIcxDzmjqKW+WfVUFihAD2GCKsxdd9Y3a3bdXsBaJ05BaqSA2ze/vEHCsghiZIIq1XPsFP2cSuRMwKziZQpSysZ0CD1NYxqB8vPF7TPrXCsDK0ykrhithfp7IqeRUtMo0J0RxZFa9ebif14vw/DGz3mcZggxWy4KM2FhYs2DsAZcAkMx1YQyyfWtFhtRSRnquCo6BGf15XXSbtSdy3rj4arWvC3iKJNTckYuiEOuSZPcE5e0CCMT8kxeyZsxM16Md+Nj2VoyipkT8gfG5w/C7ZTn</latexit>

⇢ R
<latexit sha1_base64="M7ORGB+1M1WiDRhsYz73oZpsETo=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mqoMeiF49V7Ac0oWy2k3bp5oPdiVpif4oXD4p49Zd489+4bXPQ1gcDj/dmmJnnJ4IrtO1vo7Cyura+UdwsbW3v7O6Z5f2WilPJoMliEcuOTxUIHkETOQroJBJo6Ato+6Orqd++B6l4HN3hOAEvpIOIB5xR1FLPLLsq9RWgi/CIKshuJz2zYlftGaxl4uSkQnI0euaX249ZGkKETFCluo6doJdRiZwJmJTcVEFC2YgOoKtpRENQXjY7fWIda6VvBbHUFaE1U39PZDRUahz6ujOkOFSL3lT8z+umGFx4GY+SFCFi80VBKiyMrWkOVp9LYCjGmlAmub7VYkMqKUOdVkmH4Cy+vExatapzWq3dnFXql3kcRXJIjsgJccg5qZNr0iBNwsgDeSav5M14Ml6Md+Nj3low8pkD8gfG5w8gjZSP</latexit>

(any polynomial gate set)

Energy throughout the computation 
is exponentially bounded

Energy

Time

exp
<latexit sha1_base64="hH8+l6uKMfo9zQbVdDLOkLWlyGY=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjNV0GXRjcsK9gGdoWTSO21oJhOSjFiG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnlJxp47rfTmltfWNzq7xd2dnd2z+oHh51dJIqCm2a8ET1QqKBMwFtwwyHnlRA4pBDN5zc5n73EZRmiXgwUwlBTEaCRYwSYyXfj4kZqziDJzkbVGtu3Z0DrxKvIDVUoDWofvnDhKYxCEM50brvudIEGVGGUQ6zip9qkIROyAj6lgoSgw6yeeYZPrPKEEeJsk8YPFd/b2Qk1noah3Yyz6iXvVz8z+unJroOMiZkakDQxaEo5dgkOC8AD5kCavjUEkIVs1kxHRNFqLE1VWwJ3vKXV0mnUfcu6o37y1rzpqijjE7QKTpHHrpCTXSHWqiNKJLoGb2iNyd1Xpx352MxWnKKnWP0B87nD7dvkiA=</latexit>

poly
<latexit sha1_base64="ZTdbLJ69DsG20+G30taaV4HNQzQ=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4B2KJk004YmmTHJFIah3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7RT3t3bPzisHB23dZQoQlsk4pHqBlhTziRtGWY47caKYhFw2gkmd7nfmVKlWSQfTRpTX+CRZCEj2FjJ7wtsxkpkccTT2aBSdWvuHGiVeAWpQoHmoPLVH0YkEVQawrHWPc+NjZ9hZRjhdFbuJ5rGmEzwiPYslVhQ7Wfz0DN0bpUhCiNlnzRorv7eyLDQOhWBncxD6mUvF//zeokJb/yMyTgxVJLFoTDhyEQobwANmaLE8NQSTBSzWREZY4WJsT2VbQne8pdXSbte8y5r9YerauO2qKMEp3AGF+DBNTTgHprQAgJP8Ayv8OZMnRfn3flYjK45xc4J/IHz+QOWA5Kh</latexit>

?
<latexit sha1_base64="mw1bJo/9DNp8DutHGImvRCvU1iE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQW8GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+k2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+zOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A5EjjMc=</latexit>



Bounding the computational power of bosons
Energy throughout the computation is exponentially bounded

•  Classical simulation of Gaussian + cubic circuits 

•  Input vacuum 

•  Particle-number measurements



Bounding the computational power of bosons

⇢ EXPSPACE
<latexit sha1_base64="24TAEjbjK0oQBRUTG6cIiZ8G5FE=">AAACAXicbVDJSgNBEO2JW4xb1IvgZTAInsJMFPQYDQGPI5oFMiH0dGqSJj0L3TViGOLFX/HiQRGv/oU3/8bOctDEBwWP96qoqufFgiu0rG8js7S8srqWXc9tbG5t7+R39+oqSiSDGotEJJseVSB4CDXkKKAZS6CBJ6DhDSpjv3EPUvEovMNhDO2A9kLuc0ZRS538gasSTwG6CA+o/LTadG6dy0p11MkXrKI1gblI7BkpkBmcTv7L7UYsCSBEJqhSLduKsZ1SiZwJGOXcREFM2YD2oKVpSANQ7XTywcg81krX9COpK0Rzov6eSGmg1DDwdGdAsa/mvbH4n9dK0L9opzyME4SQTRf5iTAxMsdxmF0ugaEYakKZ5PpWk/WppAx1aDkdgj3/8iKpl4r2abF0c1YoX83iyJJDckROiE3OSZlcE4fUCCOP5Jm8kjfjyXgx3o2PaWvGmM3skz8wPn8AbuCW3A==</latexit>

•  Classical simulation of Gaussian + cubic circuits 

•  Input vacuum 

•  Particle-number measurements

Intuition: brute-force simulation without energy bound 
(cut off in number basis)[arXiv:2410.04274]

Energy throughout the computation is exponentially bounded



Bounding the computational power of bosons

⇢ EXPSPACE
<latexit sha1_base64="24TAEjbjK0oQBRUTG6cIiZ8G5FE=">AAACAXicbVDJSgNBEO2JW4xb1IvgZTAInsJMFPQYDQGPI5oFMiH0dGqSJj0L3TViGOLFX/HiQRGv/oU3/8bOctDEBwWP96qoqufFgiu0rG8js7S8srqWXc9tbG5t7+R39+oqSiSDGotEJJseVSB4CDXkKKAZS6CBJ6DhDSpjv3EPUvEovMNhDO2A9kLuc0ZRS538gasSTwG6CA+o/LTadG6dy0p11MkXrKI1gblI7BkpkBmcTv7L7UYsCSBEJqhSLduKsZ1SiZwJGOXcREFM2YD2oKVpSANQ7XTywcg81krX9COpK0Rzov6eSGmg1DDwdGdAsa/mvbH4n9dK0L9opzyME4SQTRf5iTAxMsdxmF0ugaEYakKZ5PpWk/WppAx1aDkdgj3/8iKpl4r2abF0c1YoX83iyJJDckROiE3OSZlcE4fUCCOP5Jm8kjfjyXgx3o2PaWvGmM3skz8wPn8AbuCW3A==</latexit>

⇢ PSPACE
<latexit sha1_base64="32gSipysRzD089frPeZVjyAyq3k=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCpJFfRYLYLHiLYV2lI220m7dPPB7kQssQf/ihcPinj1b3jz37htc9DWBwOP92aYmefFgiu07W8jt7C4tLySXy2srW9sbpnbO3UVJZJBjUUiknceVSB4CDXkKOAulkADT0DDG1THfuMepOJReIvDGNoB7YXc54yiljrmXkslngJsITyg8lP3xj2vXo46ZtEu2RNY88TJSJFkcDvmV6sbsSSAEJmgSjUdO8Z2SiVyJmBUaCUKYsoGtAdNTUMagGqnk/tH1qFWupYfSV0hWhP190RKA6WGgac7A4p9NeuNxf+8ZoL+WTvlYZwghGy6yE+EhZE1DsPqcgkMxVATyiTXt1qsTyVlqCMr6BCc2ZfnSb1cco5L5euTYuUiiyNP9skBOSIOOSUVckVcUiOMPJJn8krejCfjxXg3PqatOSOb2SV/YHz+ACUjlis=</latexit>

•  Classical simulation of Gaussian + cubic circuits 

•  Input vacuum 

•  Particle-number measurements

Intuition: brute-force simulation without energy bound 
(cut off in number basis)

Intuition: coherent state decompositions (cf stabilizer rank)
[arXiv:2501.13857]

[arXiv:2410.04274]

Energy throughout the computation is exponentially bounded



Bounding the computational power of bosons

⇢ PP
<latexit sha1_base64="soQXLhV4kjhB413XpaciXh58iXA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoMeiF48R7Ac0oWy2k3bp5oPdibSE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSAVXaNvfRmljc2t7p7xb2ds/ODwyj6ttlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCcZ3c7/zBFLxJH7EaQp+RIcxDzmjqKW+WfVUFihAD2GCKsxdd9Y3a3bdXsBaJ05BaqSA2ze/vEHCsghiZIIq1XPsFP2cSuRMwKziZQpSysZ0CD1NYxqB8vPF7TPrXCsDK0ykrhithfp7IqeRUtMo0J0RxZFa9ebif14vw/DGz3mcZggxWy4KM2FhYs2DsAZcAkMx1YQyyfWtFhtRSRnquCo6BGf15XXSbtSdy3rj4arWvC3iKJNTckYuiEOuSZPcE5e0CCMT8kxeyZsxM16Md+Nj2VoyipkT8gfG5w/C7ZTn</latexit>

⇢ EXPSPACE
<latexit sha1_base64="24TAEjbjK0oQBRUTG6cIiZ8G5FE=">AAACAXicbVDJSgNBEO2JW4xb1IvgZTAInsJMFPQYDQGPI5oFMiH0dGqSJj0L3TViGOLFX/HiQRGv/oU3/8bOctDEBwWP96qoqufFgiu0rG8js7S8srqWXc9tbG5t7+R39+oqSiSDGotEJJseVSB4CDXkKKAZS6CBJ6DhDSpjv3EPUvEovMNhDO2A9kLuc0ZRS538gasSTwG6CA+o/LTadG6dy0p11MkXrKI1gblI7BkpkBmcTv7L7UYsCSBEJqhSLduKsZ1SiZwJGOXcREFM2YD2oKVpSANQ7XTywcg81krX9COpK0Rzov6eSGmg1DDwdGdAsa/mvbH4n9dK0L9opzyME4SQTRf5iTAxMsdxmF0ugaEYakKZ5PpWk/WppAx1aDkdgj3/8iKpl4r2abF0c1YoX83iyJJDckROiE3OSZlcE4fUCCOP5Jm8kjfjyXgx3o2PaWvGmM3skz8wPn8AbuCW3A==</latexit>

⇢ PSPACE
<latexit sha1_base64="32gSipysRzD089frPeZVjyAyq3k=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCpJFfRYLYLHiLYV2lI220m7dPPB7kQssQf/ihcPinj1b3jz37htc9DWBwOP92aYmefFgiu07W8jt7C4tLySXy2srW9sbpnbO3UVJZJBjUUiknceVSB4CDXkKOAulkADT0DDG1THfuMepOJReIvDGNoB7YXc54yiljrmXkslngJsITyg8lP3xj2vXo46ZtEu2RNY88TJSJFkcDvmV6sbsSSAEJmgSjUdO8Z2SiVyJmBUaCUKYsoGtAdNTUMagGqnk/tH1qFWupYfSV0hWhP190RKA6WGgac7A4p9NeuNxf+8ZoL+WTvlYZwghGy6yE+EhZE1DsPqcgkMxVATyiTXt1qsTyVlqCMr6BCc2ZfnSb1cco5L5euTYuUiiyNP9skBOSIOOSUVckVcUiOMPJJn8krejCfjxXg3PqatOSOb2SV/YHz+ACUjlis=</latexit>

•  Classical simulation of Gaussian + cubic circuits 

•  Input vacuum 

•  Particle-number measurements

Intuition: brute-force simulation without energy bound 
(cut off in number basis)

Intuition: coherent state decompositions (cf stabilizer rank)

Intuition: cubic state injection (cf magic state injection)

[arXiv:2501.13857]

[arXiv:2510.xxxxx]

[arXiv:2410.04274]

Energy throughout the computation is exponentially bounded



The computational power of energy
More energy = more computational power



The computational power of energy
More energy = more computational power

NP
<latexit sha1_base64="OqEVwONJAdPKfCZQRCae+hbabzA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2A9oQ9lsN+3STTbsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGN1O/9ci1ESp+wHHC/YgOYhEKRtFKnS7yJzRhdlef9Eplt+LOQJaJl5My5Kj3Sl/dvmJpxGNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0phE3fjY7eUJOrdInodK2YiQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfiThJkcdsvihMJUFFpv+TvtCcoRxbQpkW9lbChlRThjalog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODWCg4Ble4c1B58V5dz7mrStOPnMEf+B8/gCkqZF8</latexit>

• With gates based on polynomial Hamiltonians, we can solve         using 
constant space and exponential energy



The computational power of energy
More energy = more computational power

exp(k)(n) := ee
...e

n

<latexit sha1_base64="ewi2n/h/tUzyaYbHqqDDO46rZts=">AAACE3icbVDLSgMxFM3UV62vUZduBovQuigzVVAEoejGZQX7gL7IpLdtaCYzJBmxDPMPbvwVNy4UcevGnX9jpp2Ftl4SOJxzD8k5bsCoVLb9bWSWlldW17LruY3Nre0dc3evLv1QEKgRn/mi6WIJjHKoKaoYNAMB2HMZNNzxdaI37kFI6vM7NQmg4+EhpwNKsNJUzzxue1iNhBfBQxB3o8K4GBd48eISupE+7b6vZIJ4HMc9M2+X7OlYi8BJQR6lU+2ZX9pPQg+4IgxL2XLsQHUiLBQlDOJcO5QQYDLGQ2hpyLEHshNNM8XWkWb61sAX+nJlTdnfjgh7Uk48V28mCeS8lpD/aa1QDc47EeVBqICT2UODkFnKt5KCrD4VQBSbaICJoPqvFhlhgYnSNeZ0Cc585EVQL5eck1L59jRfuUrryKIDdIgKyEFnqIJuUBXVEEGP6Bm9ojfjyXgx3o2P2WrGSD376M8Ynz/0R57Y</latexit>

(    times)k
<latexit sha1_base64="S3l8nnBLDerjgmOsR9KRP3N3+lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f09OM8w==</latexit>

• With gates based on polynomial Hamiltonians, we can solve  
in space            while remaining close to energy

NTIME(exp(k)(n))
<latexit sha1_base64="S0ejkDkZyAPp2CMiMY1m7Ih2QVs=">AAACDnicbVA9SwNBEN3zM8avqKXNYQgkTbhTQcugCFooERIjJDHsbeZ0yd7esTsnCcf9Ahv/io2FIrbWdv4bNzGFJj4YeLw3w8w8LxJco+N8WTOzc/MLi5ml7PLK6tp6bmPzSoexYlBnoQjVtUc1CC6hjhwFXEcKaOAJaHi946HfuAeleShrOIigHdBbyX3OKBqpkyu0EPqo/eSidnZ+khZbAcU7FSTQj9KbpNgrpUVZKnVyeafsjGBPE3dM8mSMaif32eqGLA5AIhNU66brRNhOqELOBKTZVqwhoqxHb6FpqKQB6HYyeie1C0bp2n6oTEm0R+rviYQGWg8Cz3QOr9WT3lD8z2vG6B+2Ey6jGEGyn0V+LGwM7WE2dpcrYCgGhlCmuLnVZndUUYYmwawJwZ18eZpc7ZbdvfLu5X6+cjSOI0O2yQ4pEpcckAo5JVVSJ4w8kCfyQl6tR+vZerPef1pnrPHMFvkD6+MbtXib3A==</latexit>

exp(k)(n) := ee
...e

n

<latexit sha1_base64="ewi2n/h/tUzyaYbHqqDDO46rZts=">AAACE3icbVDLSgMxFM3UV62vUZduBovQuigzVVAEoejGZQX7gL7IpLdtaCYzJBmxDPMPbvwVNy4UcevGnX9jpp2Ftl4SOJxzD8k5bsCoVLb9bWSWlldW17LruY3Nre0dc3evLv1QEKgRn/mi6WIJjHKoKaoYNAMB2HMZNNzxdaI37kFI6vM7NQmg4+EhpwNKsNJUzzxue1iNhBfBQxB3o8K4GBd48eISupE+7b6vZIJ4HMc9M2+X7OlYi8BJQR6lU+2ZX9pPQg+4IgxL2XLsQHUiLBQlDOJcO5QQYDLGQ2hpyLEHshNNM8XWkWb61sAX+nJlTdnfjgh7Uk48V28mCeS8lpD/aa1QDc47EeVBqICT2UODkFnKt5KCrD4VQBSbaICJoPqvFhlhgYnSNeZ0Cc585EVQL5eck1L59jRfuUrryKIDdIgKyEFnqIJuUBXVEEGP6Bm9ojfjyXgx3o2P2WrGSD376M8Ynz/0R57Y</latexit>

O(k)
<latexit sha1_base64="kQ7dRKuTxi7LxMkqxMEUVBXDMuw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OLNCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPpppTH2BR5KFjGCTSffVyfmgXHFr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+Sdr3mXdTqD5eVxk0eRxFO4BSq4MEVNOAOmtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/NsuNsQ==</latexit>

NP
<latexit sha1_base64="OqEVwONJAdPKfCZQRCae+hbabzA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2A9oQ9lsN+3STTbsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGN1O/9ci1ESp+wHHC/YgOYhEKRtFKnS7yJzRhdlef9Eplt+LOQJaJl5My5Kj3Sl/dvmJpxGNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0phE3fjY7eUJOrdInodK2YiQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfiThJkcdsvihMJUFFpv+TvtCcoRxbQpkW9lbChlRThjalog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODWCg4Ble4c1B58V5dz7mrStOPnMEf+B8/gCkqZF8</latexit>

• With gates based on polynomial Hamiltonians, we can solve         using 
constant space and exponential energy



The computational power of energy
More energy = more computational power

exp(k)(n) := ee
...e

n

<latexit sha1_base64="ewi2n/h/tUzyaYbHqqDDO46rZts=">AAACE3icbVDLSgMxFM3UV62vUZduBovQuigzVVAEoejGZQX7gL7IpLdtaCYzJBmxDPMPbvwVNy4UcevGnX9jpp2Ftl4SOJxzD8k5bsCoVLb9bWSWlldW17LruY3Nre0dc3evLv1QEKgRn/mi6WIJjHKoKaoYNAMB2HMZNNzxdaI37kFI6vM7NQmg4+EhpwNKsNJUzzxue1iNhBfBQxB3o8K4GBd48eISupE+7b6vZIJ4HMc9M2+X7OlYi8BJQR6lU+2ZX9pPQg+4IgxL2XLsQHUiLBQlDOJcO5QQYDLGQ2hpyLEHshNNM8XWkWb61sAX+nJlTdnfjgh7Uk48V28mCeS8lpD/aa1QDc47EeVBqICT2UODkFnKt5KCrD4VQBSbaICJoPqvFhlhgYnSNeZ0Cc585EVQL5eck1L59jRfuUrryKIDdIgKyEFnqIJuUBXVEEGP6Bm9ojfjyXgx3o2P2WrGSD376M8Ynz/0R57Y</latexit>

(    times)k
<latexit sha1_base64="S3l8nnBLDerjgmOsR9KRP3N3+lk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f09OM8w==</latexit>

• With gates based on polynomial Hamiltonians, we can solve  
in space            while remaining close to energy

NTIME(exp(k)(n))
<latexit sha1_base64="S0ejkDkZyAPp2CMiMY1m7Ih2QVs=">AAACDnicbVA9SwNBEN3zM8avqKXNYQgkTbhTQcugCFooERIjJDHsbeZ0yd7esTsnCcf9Ahv/io2FIrbWdv4bNzGFJj4YeLw3w8w8LxJco+N8WTOzc/MLi5ml7PLK6tp6bmPzSoexYlBnoQjVtUc1CC6hjhwFXEcKaOAJaHi946HfuAeleShrOIigHdBbyX3OKBqpkyu0EPqo/eSidnZ+khZbAcU7FSTQj9KbpNgrpUVZKnVyeafsjGBPE3dM8mSMaif32eqGLA5AIhNU66brRNhOqELOBKTZVqwhoqxHb6FpqKQB6HYyeie1C0bp2n6oTEm0R+rviYQGWg8Cz3QOr9WT3lD8z2vG6B+2Ey6jGEGyn0V+LGwM7WE2dpcrYCgGhlCmuLnVZndUUYYmwawJwZ18eZpc7ZbdvfLu5X6+cjSOI0O2yQ4pEpcckAo5JVVSJ4w8kCfyQl6tR+vZerPef1pnrPHMFvkD6+MbtXib3A==</latexit>

exp(k)(n) := ee
...e

n

<latexit sha1_base64="ewi2n/h/tUzyaYbHqqDDO46rZts=">AAACE3icbVDLSgMxFM3UV62vUZduBovQuigzVVAEoejGZQX7gL7IpLdtaCYzJBmxDPMPbvwVNy4UcevGnX9jpp2Ftl4SOJxzD8k5bsCoVLb9bWSWlldW17LruY3Nre0dc3evLv1QEKgRn/mi6WIJjHKoKaoYNAMB2HMZNNzxdaI37kFI6vM7NQmg4+EhpwNKsNJUzzxue1iNhBfBQxB3o8K4GBd48eISupE+7b6vZIJ4HMc9M2+X7OlYi8BJQR6lU+2ZX9pPQg+4IgxL2XLsQHUiLBQlDOJcO5QQYDLGQ2hpyLEHshNNM8XWkWb61sAX+nJlTdnfjgh7Uk48V28mCeS8lpD/aa1QDc47EeVBqICT2UODkFnKt5KCrD4VQBSbaICJoPqvFhlhgYnSNeZ0Cc585EVQL5eck1L59jRfuUrryKIDdIgKyEFnqIJuUBXVEEGP6Bm9ojfjyXgx3o2P2WrGSD376M8Ynz/0R57Y</latexit>

O(k)
<latexit sha1_base64="kQ7dRKuTxi7LxMkqxMEUVBXDMuw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY9OLNCvYD2qVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPpppTH2BR5KFjGCTSffVyfmgXHFr7hxolXg5qUCO5qD81R9GJBFUGsKx1j3PjY2fYmUY4XRW6ieaxphM8Ij2LJVYUO2n81tn6MwqQxRGypY0aK7+nkix0HoqAtspsBnrZS8T//N6iQmv/ZTJODFUksWiMOHIRCh7HA2ZosTwqSWYKGZvRWSMFSbGxlOyIXjLL6+Sdr3mXdTqD5eVxk0eRxFO4BSq4MEVNOAOmtACAmN4hld4c4Tz4rw7H4vWgpPPHMMfOJ8/NsuNsQ==</latexit>

NP
<latexit sha1_base64="OqEVwONJAdPKfCZQRCae+hbabzA=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2A9oQ9lsN+3STTbsTsQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGN1O/9ci1ESp+wHHC/YgOYhEKRtFKnS7yJzRhdlef9Eplt+LOQJaJl5My5Kj3Sl/dvmJpxGNkkhrT8dwE/YxqFEzySbGbGp5QNqID3rE0phE3fjY7eUJOrdInodK2YiQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfiThJkcdsvihMJUFFpv+TvtCcoRxbQpkW9lbChlRThjalog3BW3x5mTSrFe+8Ur2/KNeu8zgKcAwncAYeXEINbqEODWCg4Ble4c1B58V5dz7mrStOPnMEf+B8/gCkqZF8</latexit>

• With gates based on polynomial Hamiltonians, we can solve         using 
constant space and exponential energy

Intuition: algorithm for solving Diophantine equations with bounded solutions

Integer solution to F (x1, . . . , xk) = 0
<latexit sha1_base64="VireVUcXzKg/fyYkuZ9Y7sm9WB8=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhQggzUdCLEBTEYwSzQDIMPZ2epEnPQneNJA7BX/HiQRGv/oc3/8bOctDEBwWP96q6q54XC67Asr6NzNLyyupadj23sbm1vWPu7tVVlEjKajQSkWx6RDHBQ1YDDoI1Y8lI4AnW8PrXY7/xwKTiUXgPw5g5AemG3OeUgJZc8+CmMHDtYrsTgSoO3P4JvsSWa+atkjUBXiT2jOTRDFXX/NIP0CRgIVBBlGrZVgxOSiRwKtgo104Uiwntky5raRqSgCknnWw/wsda6WA/krpCwBP190RKAqWGgac7AwI9Ne+Nxf+8VgL+hZPyME6AhXT6kZ8IDBEeR4E7XDIKYqgJoZLrXTHtEUko6MByOgR7/uRFUi+X7NNS+e4sX7maxZFFh+gIFZCNzlEF3aIqqiGKHtEzekVvxpPxYrwbH9PWjDGb2Ud/YHz+ALdZk3M=</latexit>

ground state of H = F (n̂1, . . . , n̂k)
<latexit sha1_base64="aR/6fnRuITfnX47G5oblxBX75wk=">AAACBXicbVDLSgMxFM34rPU16lIXwSJUKGWmCroRioJ0WcE+oB2GTJq2oZnMkNwRSunGjb/ixoUibv0Hd/6NaTsLbT0QODnn3pvcE8SCa3Ccb2tpeWV1bT2zkd3c2t7Ztff26zpKFGU1GolINQOimeCS1YCDYM1YMRIGgjWCwc3EbzwwpXkk72EYMy8kPcm7nBIwkm8fVa5u8+0+ASx9t9DuRKAL6XVw6ts5p+hMgReJm5IcSlH17S8zgSYhk0AF0brlOjF4I6KAU8HG2XaiWUzogPRYy1BJQqa90XSLMT4xSgd3I2WOBDxVf3eMSKj1MAxMZUigr+e9ifif10qge+mNuIwTYJLOHuomAkOEJ5HgDleMghgaQqji5q+Y9okiFExwWROCO7/yIqmXiu5ZsXR3nitfp3Fk0CE6RnnkogtURhVURTVE0SN6Rq/ozXqyXqx362NWumSlPQfoD6zPH/rClvk=</latexit>
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Outlook

[Brenner et al, arXiv:2412.13164 (2024)] trading space for energy
see also

Our work trading time for energy

Like time and space, energy is a computational resource

Take-home messages

[Brenner et al, arXiv:2509.18854 (2025)]

We need to rethink the current models of computation in infinite dimensions
Dramatic energy growth in standard models of bosonic computation



Is computational power fundamentally 
hardware-dependent?

Challenging Church–Turing (again): can realistic 
computations go beyond qubits?

What is a good model for infinite-dimensional 
quantum computations?
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Is computational power fundamentally 
hardware-dependent?

Challenging Church–Turing (again): can realistic 
computations go beyond qubits?

What is a good model for infinite-dimensional 
quantum computations?


