
PRESENTED BY:

Nathan Fitzpatrick

Senior Research Scientist

TOWARDS HAMILTONIAN 
SIMULATION VIA QUBITIZATION
ON A TENSOR NETWORK 
QUANTUM SIMULATOR

Date: 24.10.22

@2022 by Quantinuum. All rights reserved.



CONTRIBUTORS

Iakov Polyak

Software Development

Myself : Quantum Algorithms

NVIDIA cuTensorNet Team



§ Hamiltonian Simulation via qubitization has optimal complexity
§ Qubitization has opened up a new pathway for algorithms research generally
§ The fault tolerant circuit primitives are often given via oracular frameworks

§ Large number of ancillas
§ Complex/ unknown circuits

§ Test and build the circuit primitives with pytket for qubitization algorithms such as
Hamiltonian simulation

§ CuTensorNet simulator + Perlmutter allows us to simulate larger numbers of qubits

MOTIVATION



QUANTUM SIGNAL PROCESSING

@2022 by Quantinuum. All rights reserved.

§ Single Qubit Example

§ Signal rotation

<latexit sha1_base64="wXj3XP/OM72LIUE4oKROeiFkeZg="></latexit>

0|0i Rx(✓)

<latexit sha1_base64="hTdY1J3Tvs1r3TKvdPyc4zqY5b8="></latexit>✓
cos ✓ �i sin ✓

�i sin ✓ cos ✓

◆

<latexit sha1_base64="Eo6LxLrz+3jvPluRV+yo6Yo8xq0="></latexit>

|h0|U(✓)|0i|2 = cos2 ✓

Guang Hao Low and Isaac L. Chuang. Quantum 3, 163 (2019

https://orcid.org/0000-0002-6934-1052


QUANTUM SIGNAL PROCESSING

@2022 by Quantinuum. All rights reserved.

§ Single Qubit Example 

<latexit sha1_base64="kuFTullkq527d0fLZXaZwe0RK4Y="></latexit>

. . . 0|0i Rz('0) Rx(✓) Rz('1) Rx(✓) Rz('d�1) Rx(✓) Rz('d)

<latexit sha1_base64="DTVDHfAak3ZpNlkuiYl9NtsoKMk="></latexit>

U�(✓) =

✓
e�i�0 0
0 ei�0

◆✓
cos ✓ �i sin ✓

�i sin ✓ cos ✓

◆✓
e�i�1 0
0 ei�1

◆✓
cos ✓ �i sin ✓

�i sin ✓ cos ✓

◆
· · ·

✓
e�i�d�1 0

0 ei�d�1

◆✓
cos ✓ �i sin ✓

�i sin ✓ cos ✓

◆✓
e�i�d 0
0 ei�d

◆

<latexit sha1_base64="UIn8+FgpKqjPVdI7IqPQFHLqkjc="></latexit>

U�(✓) =

✓
P (a) iQ(a)

p
1� a2

iQ⇤(a)
p
1� a2 P ⇤(a)

◆

<latexit sha1_base64="fdaJ1qhHIOYi4WgbS2lIDjsYxB4="></latexit>

|h0|U�(✓)|0i|2 = |P (a)|2

§ For a given set of                we can implement any* Chebyshev polynomial of   
<latexit sha1_base64="xveCa2rA9FWmDNGOV/oTiJojgEw=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBclJFLUZdGNywr2Ak0Ik8mkHTqZhJmJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nzBymjUtn2t7Gyura+sVnbqm/v7O7tmweHPZlkApMuTlgiBgGShFFOuooqRgapICgOGOkHk9tZvf9IhKQJf1DTlHgxGnEaUYyUtnzz2M2hm46pbzcty2qWGEK38M2Gbdml4DI4FTRApY5vfrlhgrOYcIUZknLo2KnyciQUxYwUdTeTJEV4gkZkqJGjmEgvLw8o4Jl2QhglQj+uYOn+nshRLOU0DnRnjNRYLtZm5n+1Yaaiay+nPM0U4Xi+KMoYVAmcpQFDKghWbKoBYUH1XyEeI4Gw0pnVdQjO4snL0LuwnEurdd9qtG+qOGrgBJyCc+CAK9AGd6ADugCDAjyDV/BmPBkvxrvxMW9dMaqZI/BHxucPVPaU+A==</latexit>

{�0, ...,�d}
<latexit sha1_base64="l/oZ5lLlZyG0Oj9MR/583VKlzW4="></latexit>

a = cos ✓

Guang Hao Low and Isaac L. Chuang. Quantum 3, 163 (2019)

https://orcid.org/0000-0002-6934-1052


QUANTUM SIGNAL PROCESSING

@2022 by Quantinuum. All rights reserved. 6J. Martyn PRX QUANTUM 2, 040203 (2021)

§ Where.              can be found efficiently classically
<latexit sha1_base64="xveCa2rA9FWmDNGOV/oTiJojgEw=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBclJFLUZdGNywr2Ak0Ik8mkHTqZhJmJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nzBymjUtn2t7Gyura+sVnbqm/v7O7tmweHPZlkApMuTlgiBgGShFFOuooqRgapICgOGOkHk9tZvf9IhKQJf1DTlHgxGnEaUYyUtnzz2M2hm46pbzcty2qWGEK38M2Gbdml4DI4FTRApY5vfrlhgrOYcIUZknLo2KnyciQUxYwUdTeTJEV4gkZkqJGjmEgvLw8o4Jl2QhglQj+uYOn+nshRLOU0DnRnjNRYLtZm5n+1Yaaiay+nPM0U4Xi+KMoYVAmcpQFDKghWbKoBYUH1XyEeI4Gw0pnVdQjO4snL0LuwnEurdd9qtG+qOGrgBJyCc+CAK9AGd6ADugCDAjyDV/BmPBkvxrvxMW9dMaqZI/BHxucPVPaU+A==</latexit>

{�0, ...,�d}



QUANTUM SIGNAL PROCESSING

@2022 by Quantinuum. All rights reserved.

§ For a given set of              we can implement any* function of H with definite parity

§ Larger d gives better accuracy  

<latexit sha1_base64="xveCa2rA9FWmDNGOV/oTiJojgEw=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBclJFLUZdGNywr2Ak0Ik8mkHTqZhJmJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nzBymjUtn2t7Gyura+sVnbqm/v7O7tmweHPZlkApMuTlgiBgGShFFOuooqRgapICgOGOkHk9tZvf9IhKQJf1DTlHgxGnEaUYyUtnzz2M2hm46pbzcty2qWGEK38M2Gbdml4DI4FTRApY5vfrlhgrOYcIUZknLo2KnyciQUxYwUdTeTJEV4gkZkqJGjmEgvLw8o4Jl2QhglQj+uYOn+nshRLOU0DnRnjNRYLtZm5n+1Yaaiay+nPM0U4Xi+KMoYVAmcpQFDKghWbKoBYUH1XyEeI4Gw0pnVdQjO4snL0LuwnEurdd9qtG+qOGrgBJyCc+CAK9AGd6ADugCDAjyDV/BmPBkvxrvxMW9dMaqZI/BHxucPVPaU+A==</latexit>

{�0, ...,�d}

<latexit sha1_base64="RPZ/UR9UY0ZDvq8AZ6oMLDbwNZg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6wHHK/ZgOlIgEo2ilTg9FzA0J++WKW3XnIKvEy0kFcjT65a9emLAs5gqZpMZ0PTdFf0I1Cib5tNTLDE8pG9EB71qqqF3jT+b3TsmZVUISJdqWQjJXf09MaGzMOA5sZ0xxaJa9mfif180wuvYnQqUZcsUWi6JMEkzI7HkSCs0ZyrEllGlhbyVsSDVlaCMq2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAYSnuEV3pxH58V5dz4WrQUnnzmGP3A+fwDQMo/V</latexit>

⇥d

<latexit sha1_base64="Bcm0mTHs+2QpvAMZF++kKkTDj0I="></latexit>

0

0 · · · 0

|si Rz(�0) Rz(�i)

|0 · · · 0i
ULCU

| i P (H)| i



QUANTUM SIGNAL PROCESSING

@2022 by Quantinuum. All rights reserved.

§ For a given set of              we can implement any* function of H with definite parity 
<latexit sha1_base64="xveCa2rA9FWmDNGOV/oTiJojgEw=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBclJFLUZdGNywr2Ak0Ik8mkHTqZhJmJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nzBymjUtn2t7Gyura+sVnbqm/v7O7tmweHPZlkApMuTlgiBgGShFFOuooqRgapICgOGOkHk9tZvf9IhKQJf1DTlHgxGnEaUYyUtnzz2M2hm46pbzcty2qWGEK38M2Gbdml4DI4FTRApY5vfrlhgrOYcIUZknLo2KnyciQUxYwUdTeTJEV4gkZkqJGjmEgvLw8o4Jl2QhglQj+uYOn+nshRLOU0DnRnjNRYLtZm5n+1Yaaiay+nPM0U4Xi+KMoYVAmcpQFDKghWbKoBYUH1XyEeI4Gw0pnVdQjO4snL0LuwnEurdd9qtG+qOGrgBJyCc+CAK9AGd6ADugCDAjyDV/BmPBkvxrvxMW9dMaqZI/BHxucPVPaU+A==</latexit>

{�0, ...,�d}

<latexit sha1_base64="RPZ/UR9UY0ZDvq8AZ6oMLDbwNZg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3bpZhN3J0Ip/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCajhUijeRIGSd1LNaRxI3g5GtzO//cS1EYl6wHHK/ZgOlIgEo2ilTg9FzA0J++WKW3XnIKvEy0kFcjT65a9emLAs5gqZpMZ0PTdFf0I1Cib5tNTLDE8pG9EB71qqqF3jT+b3TsmZVUISJdqWQjJXf09MaGzMOA5sZ0xxaJa9mfif180wuvYnQqUZcsUWi6JMEkzI7HkSCs0ZyrEllGlhbyVsSDVlaCMq2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAYSnuEV3pxH58V5dz4WrQUnnzmGP3A+fwDQMo/V</latexit>

⇥d

<latexit sha1_base64="Bcm0mTHs+2QpvAMZF++kKkTDj0I="></latexit>

0

0 · · · 0

|si Rz(�0) Rz(�i)

|0 · · · 0i
ULCU

| i P (H)| i

<latexit sha1_base64="b2+b4iilAK5C0WOIioCUKhISXHA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5JIUY9FLx4r2A9oQ9lsNu3SzSbsbsQS81e8eFDEq3/Em//GbZuDtj4YeLw3w8w8P+FMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVhLZJzGPZ87GinAna1kxz2kskxZHPadef3Mz87gOVisXiXk8T6kV4JFjICNZGGtrVp8wZkCDWyskHEosRp0O75tSdOdAqcQtSgwKtof01CGKSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz23N0apQAhbE0JTSaq78nMhwpNY180xlhPVbL3kz8z+unOrzyMiaSVFNBFovClCMdo1kQKGCSEs2nhmAimbkVkTGWmGgTV8WE4C6/vEo653X3ot64a9Sa10UcZTiGEzgDFy6hCbfQgjYQeIRneIU3K7derHfrY9FasoqZI/gD6/MHLA+Uig==</latexit>

|0 · · · 0i

<latexit sha1_base64="1PibL0CJVvhFaGvV1UGHzdv28yg=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5JIUY9FLx4r2A9oQ9lsNu3SzSbsbsQS81e8eFDEq3/Em//GbZuDtj4YeLw3w8w8P+FMacf5tkpr6xubW+Xtys7u3v6BfVjtqDiVhLZJzGPZ87GinAna1kxz2kskxZHPadef3Mz87gOVisXiXk8T6kV4JFjICNZGGtrVAcdixGnmDEgQa+XkT0O75tSdOdAqcQtSgwKtof01CGKSRlRowrFSfddJtJdhqRnhNK8MUkUTTCZ4RPuGChxR5WXz23N0apQAhbE0JTSaq78nMhwpNY180xlhPVbL3kz8z+unOrzyMiaSVFNBFovClCMdo1kQKGCSEs2nhmAimbkVkTGWmGgTV8WE4C6/vEo653X3ot64a9Sa10UcZTiGEzgDFy6hCbfQgjYQeIRneIU3K7derHfrY9FasoqZI/gD6/MHIpyUhA==</latexit>

h0 · · · 0|
<latexit sha1_base64="EYpHik//fMuNw3rCLIes8tQGWiY="></latexit>✓
H ⇤
⇤ ⇤

◆
= ULCU

<latexit sha1_base64="ALZTfiLcpFW0VyEZdtvvXGUxWAI="></latexit>

U�(✓) =

✓
e
�i�0 0
0 e

i�0

◆✓
H

p
1�H2

p
1�H2 �H

◆✓
e
�i�1 0
0 e

i�1

◆✓
H

p
1�H2

p
1�H2 �H

◆
· · · =

✓
P (H) ⇤
⇤ ⇤

◆



arXiv:2101.08448v2

§ LCU is the complex circuit primitive
§ Aim: Build and compile the circuits for LCU
§ Test LCU Contractions on Perlmutter
§ Then apply d LCU blocks to implement the full QSP routine

LCU = RATE LIMITING STEP

https://arxiv.org/abs/2101.08448v2


CAVET FOR HAMILTON SIMULATION

@2022 by Quantinuum. All rights reserved.

§ Due to definite parity            must be done via                                 With LCU.

§ For each time we compile a new set of phases

§ This has been shown to be classically efficient

§ !𝑂 is some observable you are simulating over time such as average magnetization etc.  

<latexit sha1_base64="GJv6smF9pMv7+me34blIXXHD+q8="></latexit>

e�iHt
<latexit sha1_base64="0cgu6J4a2eNg3rA/VXlVcacXNhE="></latexit>

cosHt+ i sinHt

<latexit sha1_base64="xveCa2rA9FWmDNGOV/oTiJojgEw=">AAACAHicbZDLSsNAFIYnXmu9RV24cDNYBBclJFLUZdGNywr2Ak0Ik8mkHTqZhJmJUEI2voobF4q49THc+TZO0yy09YeBj/+cw5nzBymjUtn2t7Gyura+sVnbqm/v7O7tmweHPZlkApMuTlgiBgGShFFOuooqRgapICgOGOkHk9tZvf9IhKQJf1DTlHgxGnEaUYyUtnzz2M2hm46pbzcty2qWGEK38M2Gbdml4DI4FTRApY5vfrlhgrOYcIUZknLo2KnyciQUxYwUdTeTJEV4gkZkqJGjmEgvLw8o4Jl2QhglQj+uYOn+nshRLOU0DnRnjNRYLtZm5n+1Yaaiay+nPM0U4Xi+KMoYVAmcpQFDKghWbKoBYUH1XyEeI4Gw0pnVdQjO4snL0LuwnEurdd9qtG+qOGrgBJyCc+CAK9AGd6ADugCDAjyDV/BmPBkvxrvxMW9dMaqZI/BHxucPVPaU+A==</latexit>

{�0, ...,�d}

<latexit sha1_base64="3BRinzlBLtFVdGgQ60102pZAhAg="></latexit>

0|0ia H H

| i cosQSP (Ht) �i sinQSP (Ht) Ô



L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s
<latexit sha1_base64="ukQ3ENw3nn4L/acezGOd9qmUm14=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DKYxsIigpcEkiPsbTbJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeWEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqGniVDPus1jGuh1Sw6VQ3EeBkrcTzWkUSt4Kx/WZ33ri2ohYPeIk4UFEh0oMBKNopZbfy+7r/rRXrrhVdw6ySrycVCBHo1f+6vZjlkZcIZPUmI7nJhhkVKNgkk9L3dTwhLIxHfKOpYpG3ATZ/NwpObNKnwxibUshmau/JzIaGTOJQtsZURyZZW8m/ud1UhzcBJlQSYpcscWiQSoJxmT2O+kLzRnKiSWUaWFvJWxENWVoEyrZELzll1dJ86LqXVUvHy4rtds8jiKcwCmcgwfXUIM7aIAPDMbwDK/w5iTOi/PufCxaC04+cwx/4Hz+APq9j1k=</latexit>

ULCU

<latexit sha1_base64="O//Jvte0Tx/8pSubTbf6mqQWc6w=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHopccK9gOaUDbbSbt0s4m7m0KJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8W4W19Y3NreJ2aWd3b/+gfHjUUnEqKTZpzGPZCYhCzgQ2NdMcO4lEEgUc28Hobua3xygVi8WDniToR2QgWMgo0Uby609eopgniRhw7JUrTtWZw14lbk4qkKPRK395/ZimEQpNOVGq6zqJ9jMiNaMcpyUvVZgQOiID7BoqSITKz+ZHT+0zo/TtMJamhLbn6u+JjERKTaLAdEZED9WyNxP/87qpDm/8jIkk1SjoYlGYclvH9iwBu88kUs0nhhAqmbnVpkMiCdUmp5IJwV1+eZW0LqruVfXy/rJSu83jKMIJnMI5uHANNahDA5pA4RGe4RXerLH1Yr1bH4vWgpXPHMMfWJ8/BLKSRg==</latexit>

H| i

<latexit sha1_base64="TUF9Yp41vWmHs2xkEF5zfWUjw48=">AAACI3icbVBPS8MwHE3nvzn/VT16CQ7B02hlqHga7uLBwwS7DdZS0jTdwtK0JKkwun0XL34VLx6U4cWD38Vs60E3HwRe3ns/kt8LUkalsqwvo7S2vrG5Vd6u7Ozu7R+Yh0dtmWQCEwcnLBHdAEnCKCeOooqRbioIigNGOsGwOfM7T0RImvBHNUqJF6M+pxHFSGnJN29chnifEWi5OEyUhBYcQ8fP75vORLNCtVyxSI3dVNLi4ptVq2bNAVeJXZAqKNDyzakbJjiLCVeYISl7tpUqL0dCUczIpOJmkqQID1Gf9DTlKCbSy+c7TuCZVkIYJUIfruBc/T2Ro1jKURzoZIzUQC57M/E/r5ep6NrLKU8zRThePBRlDKoEzgqDIRUEKzbSBGFB9V8hHiCBsNK1VnQJ9vLKq6R9UbMva/WHerVxW9RRBifgFJwDG1yBBrgDLeAADJ7BK3gHH8aL8WZMjc9FtGQUM8fgD4zvH5VAo68=</latexit>

h0 · · · 0|ULCU |0 · · · 0i| i
<latexit sha1_base64="7jb1mHWWmVah8VNuCuD2NOMaJ9s=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELxwxkUcCK5kdemHC7OxmZlZDkP/w4kFjvPov3vwbB9iDgpV0UqnqTndXkAiujet+O7mV1bX1jfxmYWt7Z3evuH/Q0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuo3H1BpHss7M0rQj2hf8pAzaqx0XyVPnUTzjqKyL7BbLLlldwayTLyMlCBDrVv86vRilkYoDRNU67bnJsYfU2U4EzgpdFKNCWVD2se2pZJGqP3x7OoJObFKj4SxsiUNmam/J8Y00noUBbYzomagF72p+J/XTk145Y+5TFKDks0XhakgJibTCEiPK2RGjCyhTHF7K2EDqigzNqiCDcFbfHmZNM7K3kX5/Pa8VLnO4sjDERzDKXhwCRWoQg3qwEDBM7zCm/PovDjvzse8NedkM4fwB87nD1v2knA=</latexit>

H| i<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

arXiv:1202.5822

https://arxiv.org/abs/1202.5822


L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s

§ 𝑃𝑅𝐸𝑃𝐴𝑅𝐸

§ Encode renormalised Hamiltonian term coefficients onto unique bit strings

§ Arbitrary non fermionic State Preparation
§ Motivation to reduce the complexity of the Hamiltonian.
§ Negative Hamiltonian coefficients lead to imaginary prepare state coefficients



PREPARE 

@2022 by Quantinuum. All rights reserved. 13

§ Serial with multi controls
§ Very deep circuits

§ Complex arbitrary state preparation is non trivial. 
§ Can be absorbed later



L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s

§ 𝑆𝐸𝐿𝐸𝐶𝑇

§ Weighted bit strings applied to Hamiltonian Pauli terms applied ⟩|𝜓



S e r i a l  P a u l i  C o m p i l a t i o n

§ Most straight forward method
§ Can be done with Qcontrol box in pytket
§ Leads to many multi controlled gates



P a u l i  G a d g e t  S e l e c t  C o m p i l a t i o n

Basis Change Basis Change
<latexit sha1_base64="pFKY1U3GPoO6DKXqRSHLW3cBICQ=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD/odlmyabYNzSZLkhVK6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzopQzbVz32ylsbG5t7xR3S3v7B4dH5eOTtpaZIrRFJJeqG2FNORO0ZZjhtJsqipOI0040vpv7nSeqNJPi0UxSGiR4KFjMCDZW8nuhi3qhZ6sWlitu1V0ArRMvJxXI0QzLX/2BJFlChSEca+17bmqCKVaGEU5npX6maYrJGA+pb6nACdXBdHHyDF1YZYBiqWwJgxbq74kpTrSeJJHtTLAZ6VVvLv7n+ZmJb4IpE2lmqCDLRXHGkZFo/j8aMEWJ4RNLMFHM3orICCtMjE2pZEPwVl9eJ+1a1buq1h/qlcZtHkcRzuAcLsGDa2jAPTShBQQkPMMrvDnGeXHenY9la8HJZ07hD5zPHz1Ej+8=</latexit>

Z0Z1Z2

<latexit sha1_base64="5ucYRbYCo73rLwdK5edn6YIwNJQ=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT0WvXisYD90uyzZNNuGZpMlyQql9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5UcqZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tMEdoikkvVjbCmnAnaMsxw2k0VxUnEaSca3cz8zhNVmklxb8YpDRI8ECxmBBsr+Y9hDT2EHuqGbliuuFV3DrRKvJxUIEczLH/1+pJkCRWGcKy177mpCSZYGUY4nZZ6maYpJiM8oL6lAidUB5P5yVN0ZpU+iqWyJQyaq78nJjjRepxEtjPBZqiXvZn4n+dnJr4KJkykmaGCLBbFGUdGotn/qM8UJYaPLcFEMXsrIkOsMDE2pZINwVt+eZW0a1Xvolq/q1ca13kcRTiBUzgHDy6hAbfQhBYQkPAMr/DmGOfFeXc+Fq0FJ585hj9wPn8AOL6P7A==</latexit>

Z2Y1X0



P a u l i  G a d g e t  S e l e c t  C o m p i l a t i o n
<latexit sha1_base64="PuEQf2gIh7Dny7yK8ReAIZCJskw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6UvctypV4pVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A57jjNQ=</latexit>

G
<latexit sha1_base64="jGnO3r1acxhB5ey6K8sAzv9JIt4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48tmFpoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBD+HoduY/PKHSPJH3ZpxiENOB5BFn1Fip6ffKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL6+S1kXVu6zWmrVK/SaPowgncArn4MEV1OEOGuADA4RneIU359F5cd6dj0VrwclnjuEPnM8ftBuM4g==</latexit>

U
<latexit sha1_base64="gTQCNnUm0lsEukskIQp7MCOQRNo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LHvRYwX5Iu5ZsNtuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzgoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnQBrypmkTcMMp51EUSwCTtvB6Hrqt5+o0iyW92acUF/ggWQRI9hY6eHmsRfiwYCqfrniVt0Z0DLxclKBHI1++asXxiQVVBrCsdZdz02Mn2FlGOF0UuqlmiaYjPCAdi2VWFDtZ7ODJ+jEKiGKYmVLGjRTf09kWGg9FoHtFNgM9aI3Ff/zuqmJLv2MySQ1VJL5oijlyMRo+j0KmaLE8LElmChmb0VkiBUmxmZUsiF4iy8vk9ZZ1Tuv1u5qlfpVHkcRjuAYTsGDC6jDLTSgCQQEPMMrvDnKeXHenY95a8HJZw7hD5zPH5X3kEg=</latexit>

G†

§ Similarity transform structure

§ only U needs to be controlled
<latexit sha1_base64="+Oz3dP9v8Bh7Xey0ql87AiramTQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiol6Eood6rGA/oI1ls9mkSzebsLsRaukv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/yUM6Ud59sqrKyurW8UN0tb2zu7ZXtvv6WSTBLaJAlPZMfHinImaFMzzWknlRTHPqdtf3gz9duPVCqWiHs9SqkX40iwkBGsjdS3y3VUf+gFOIqoRFfI7dsVp+rMgJaJm5MK5Gj07a9ekJAspkITjpXquk6qvTGWmhFOJ6VepmiKyRBHtGuowDFV3nh2+AQdGyVAYSJNCY1m6u+JMY6VGsW+6YyxHqhFbyr+53UzHV56YybSTFNB5ovCjCOdoGkKKGCSEs1HhmAimbkVkQGWmGiTVcmE4C6+vExap1X3vHp2d1apXedxFOEQjuAEXLiAGtxCA5pAIINneIU368l6sd6tj3lrwcpnDuAPrM8fo6uRyg==</latexit>

GG† = 1



P a u l i  G a d g e t  C o m p i l a t i o n

§ Multicontrols decomposed with pytket

A. Ralli,  Phys. Rev. Research 3, 033195



P a u l i  G a d g e t  S e l e c t  C o m p i l a t i o n

§ Negative sign absorbed into the pauli gadget using pauli multiplication



L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s

§ 𝑃𝑅𝐸𝑃𝐴𝑅𝐸!

§ Rotate weighted Paulis back onto |000>

§ MEASURING |000> Applies H to ⟩|𝜓



L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s

§ Measure |000>

§ Projects onto |0…0> <0…0| block of 𝑈"#$

<latexit sha1_base64="zRdV19NmGFYstzQqxa3f9EZH5Fw="></latexit>

h0

||h||P0| i+
h1

||h||P1| i+
h2

||h||P2| i+ · · · = H| i



LCU CIRCUIT BENCHMARKS

@2022 by Quantinuum. All rights reserved.

§ Hubbard chain and Hydrogen Ring
system compilation n_system_qubits n_ham_terms n_lcu_qubits n_lcu_depth n_gates l1_norm
2_hubbard_e-2_u2_t-1 SERIAL 4 11 8 947 1320 8
2_hubbard_e-2_u2_t-1 PAULIG 4 11 8 1194 1608 8
3_hubbard_e-2_u2_t-1 SERIAL 6 18 11 4529 6472 13
3_hubbard_e-2_u2_t-1 PAULIG 6 18 11 4754 6966 13
4_hubbard_e-2_u2_t-1 SERIAL 8 25 13 6624 9480 18
4_hubbard_e-2_u2_t-1 PAULIG 8 25 13 6662 9780 18
5_hubbard_e-2_u2_t-1 SERIAL 10 32 15 8830 12638 23
5_hubbard_e-2_u2_t-1 PAULIG 10 32 15 8678 12724 23
6_hubbard_e-2_u2_t-1 SERIAL 12 39 18 17840 25954 28
6_hubbard_e-2_u2_t-1 PAULIG 12 39 18 17338 25548 28
7_hubbard_e-2_u2_t-1 SERIAL 14 46 20 21353 31074 33
7_hubbard_e-2_u2_t-1 PAULIG 14 46 20 20573 30308 33
8_hubbard_e-2_u2_t-1 SERIAL 16 53 22 24723 36010 38
8_hubbard_e-2_u2_t-1 PAULIG 16 53 22 23669 34896 38
9_hubbard_e-2_u2_t-1 SERIAL 18 60 24 28300 41212 43
9_hubbard_e-2_u2_t-1 PAULIG 18 60 24 26968 39734 43
10_hubbard_e-2_u2_t-1 SERIAL 20 67 27 50696 73774 48
10_hubbard_e-2_u2_t-1 PAULIG 20 67 27 48478 70852 48
2_h_ring_3.0A_sto3g SERIAL 4 15 8 1676 2352 1.56661938
2_h_ring_3.0A_sto3g PAULIG 4 15 8 1663 2246 1.56661938
4_h_ring_3.0A_sto3g SERIAL 8 105 15 120550 181612 4.75500962
4_h_ring_3.0A_sto3g PAULIG 8 105 15 76291 111982 4.75500962
6_h_ring_3.0A_sto3g SERIAL 12 703 22 2411680 3845726 12.3424871
6_h_ring_3.0A_sto3g PAULIG 12 703 22 1159480 1720742 12.3424871



LCU TENSOR NETWORK MEASUREMENT

@2022 by Quantinuum. All rights reserved.

§ Circuit requires post selection

§ Need to therefore cap the tensor network for the given qubit

§ Unphysical – purely for benchmarking LCU contractions for when they will eventually be used in QSP

<latexit sha1_base64="a04IInk9R1+MOsW/cxG8w/CjD90="></latexit>

0 · · · 0|0 · · · 0i
ULCU

| i Ô

<latexit sha1_base64="1SrC+7ooyHb2sMKUXIyIV6uVxC8="></latexit>

ULCU

Ô

<latexit sha1_base64="UzuEH/Ptqo4BwDF7ITm9PAybEIM="></latexit>

U†
LCU

<latexit sha1_base64="0WdDrUVSYthqG2hvzM+7J7Z5j+E=">AAACBXicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELx4xkUcCGzI7DDBhdnad6TXBDWfPXvUbvBmvfoef4F84wB4ErKSTSlV3uruCWAqDrvvt5FZW19Y38puFre2d3b3i/kHdRIlmvMYiGelmQA2XQvEaCpS8GWtOw0DyRjC8mfiNR66NiNQ9jmLuh7SvRE8wilZqtAOqU3fcKZbcsjsFWSZeRkqQodop/rS7EUtCrpBJakzLc2P0U6pRMMnHhXZieEzZkPZ5y1JFQ278dHrumJxYpUt6kbalkEzVvxMpDY0ZhYHtDCkOzKI3Ef/1HhKqUAyfxmT+AOxd+alQcYJcsdn+XiIJRmQSCekKzRnKkSWUaWFfIGxANWVogyvYbLzFJJZJ/azsXZTP785LlesspTwcwTGcggeXUIFbqEINGAzhBV7hzXl23p0P53PWmnOymUOYg/P1C7irmRo=</latexit>

0̄
<latexit sha1_base64="0WdDrUVSYthqG2hvzM+7J7Z5j+E=">AAACBXicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELx4xkUcCGzI7DDBhdnad6TXBDWfPXvUbvBmvfoef4F84wB4ErKSTSlV3uruCWAqDrvvt5FZW19Y38puFre2d3b3i/kHdRIlmvMYiGelmQA2XQvEaCpS8GWtOw0DyRjC8mfiNR66NiNQ9jmLuh7SvRE8wilZqtAOqU3fcKZbcsjsFWSZeRkqQodop/rS7EUtCrpBJakzLc2P0U6pRMMnHhXZieEzZkPZ5y1JFQ278dHrumJxYpUt6kbalkEzVvxMpDY0ZhYHtDCkOzKI3Ef/1HhKqUAyfxmT+AOxd+alQcYJcsdn+XiIJRmQSCekKzRnKkSWUaWFfIGxANWVogyvYbLzFJJZJ/azsXZTP785LlesspTwcwTGcggeXUIFbqEINGAzhBV7hzXl23p0P53PWmnOymUOYg/P1C7irmRo=</latexit>

0̄
<latexit sha1_base64="0WdDrUVSYthqG2hvzM+7J7Z5j+E=">AAACBXicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELx4xkUcCGzI7DDBhdnad6TXBDWfPXvUbvBmvfoef4F84wB4ErKSTSlV3uruCWAqDrvvt5FZW19Y38puFre2d3b3i/kHdRIlmvMYiGelmQA2XQvEaCpS8GWtOw0DyRjC8mfiNR66NiNQ9jmLuh7SvRE8wilZqtAOqU3fcKZbcsjsFWSZeRkqQodop/rS7EUtCrpBJakzLc2P0U6pRMMnHhXZieEzZkPZ5y1JFQ278dHrumJxYpUt6kbalkEzVvxMpDY0ZhYHtDCkOzKI3Ef/1HhKqUAyfxmT+AOxd+alQcYJcsdn+XiIJRmQSCekKzRnKkSWUaWFfIGxANWVogyvYbLzFJJZJ/azsXZTP785LlesspTwcwTGcggeXUIFbqEINGAzhBV7hzXl23p0P53PWmnOymUOYg/P1C7irmRo=</latexit>

0̄
<latexit sha1_base64="0WdDrUVSYthqG2hvzM+7J7Z5j+E=">AAACBXicbVDLTgJBEOzFF+IL9ehlIjHxRHaNUY9ELx4xkUcCGzI7DDBhdnad6TXBDWfPXvUbvBmvfoef4F84wB4ErKSTSlV3uruCWAqDrvvt5FZW19Y38puFre2d3b3i/kHdRIlmvMYiGelmQA2XQvEaCpS8GWtOw0DyRjC8mfiNR66NiNQ9jmLuh7SvRE8wilZqtAOqU3fcKZbcsjsFWSZeRkqQodop/rS7EUtCrpBJakzLc2P0U6pRMMnHhXZieEzZkPZ5y1JFQ278dHrumJxYpUt6kbalkEzVvxMpDY0ZhYHtDCkOzKI3Ef/1HhKqUAyfxmT+AOxd+alQcYJcsdn+XiIJRmQSCekKzRnKkSWUaWFfIGxANWVogyvYbLzFJJZJ/azsXZTP785LlesspTwcwTGcggeXUIFbqEINGAzhBV7hzXl23p0P53PWmnOymUOYg/P1C7irmRo=</latexit>

0̄

<latexit sha1_base64="haYrbJGfUv+u9v+k698u0sNg/7c=">AAACAnicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s4m7E6GG3jx71d/gTbz6R/wJ/guTNgfb+mDg8d4MM/O8SAqDtv1tFVZW19Y3ipulre2d3b3y/kHThLFmvMFCGeq2Rw2XQvEGCpS8HWlOA0/ylje6yfzWI9dGhOoexxF3AzpQwheMYiZ1IyN65Ypdtacgy8TJSQVy1Hvln24/ZHHAFTJJjek4doRuQjUKJvmk1I0Njygb0QHvpFTRgBs3md46ISep0id+qNNSSKbq34mEBsaMAy/tDCgOzaKXif96DzFVKEZPEzJ/APpXbiJUFCNXbLbfjyXBkGR5kL7QnKEcp4QyLdIXCBtSTRmmqZXSbJzFJJZJ86zqXFTP784rtes8pSIcwTGcggOXUINbqEMDGAzhBV7hzXq23q0P63PWWrDymUOYg/X1C42Ol+s=</latexit>

 
<latexit sha1_base64="haYrbJGfUv+u9v+k698u0sNg/7c=">AAACAnicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0s4m7E6GG3jx71d/gTbz6R/wJ/guTNgfb+mDg8d4MM/O8SAqDtv1tFVZW19Y3ipulre2d3b3y/kHThLFmvMFCGeq2Rw2XQvEGCpS8HWlOA0/ylje6yfzWI9dGhOoexxF3AzpQwheMYiZ1IyN65Ypdtacgy8TJSQVy1Hvln24/ZHHAFTJJjek4doRuQjUKJvmk1I0Njygb0QHvpFTRgBs3md46ISep0id+qNNSSKbq34mEBsaMAy/tDCgOzaKXif96DzFVKEZPEzJ/APpXbiJUFCNXbLbfjyXBkGR5kL7QnKEcp4QyLdIXCBtSTRmmqZXSbJzFJJZJ86zqXFTP784rtes8pSIcwTGcggOXUINbqEMDGAzhBV7hzXq23q0P63PWWrDymUOYg/X1C42Ol+s=</latexit>

 



LCU CIRCUIT BENCHMARKS

@2022 by Quantinuum. All rights reserved.

§ Hubbard chain LCU Contractions

system n_gates depth tensors tot_n_qubits system_qubits memoryGB memory(MB) calc_time(s)

2_hubbard_gadget 1666 1214 3332 8 4 5.01E-05 0.051322937 3.97959185

3_hubbard_gadget 7084 4770 14168 11 6 0.000211738 0.216819763 14.8165562

4_hubbard_gadget 9922 6690 19844 13 8 0.000296406 0.303520203 22.9060276

5_hubbard_gadget 12890 8704 25780 15 10 0.000384949 0.394187927 38.3699226

6_hubbard_gadget 25834 17380 51668 18 12 0.000770859 0.789360046 158.725572

7_hubbard_gadget 30634 20629 61268 20 14 0.000914 0.935935974 209.390789

8_hubbard_gadget 35256 23727 70512 22 16 0.001051836 1.077079773 462.465788

9_hubbard_gadget 40124 27026 80248 24 18 0.001197003 1.225730896 4532.92379

10_hubbard_gadget 71416 48544 142832 27 20 0.002129726 2.180839539 10837.8559

11_hubbard_gadget 79112 53799 158224 29 22 0.002359174 2.415794373 3354.59784



LCU CIRCUIT BENCHMARKS

@2022 by Quantinuum. All rights reserved.

§ Hubbard chain LCU Contractions

§ Exponential in Contraction time with system size
§ Linear in memory (for each qubit regime in the prepare register) with system size



arXiv:2101.08448v2

Done
§ Built pytket -> cuTensorNet converter with post selection
§ Implemented LCU contractions on Perlmutter

To Do
§ Apply LCU d times to implement quantum signal processing for Hamiltonian

simulation
§ Look into further compilation strategies that leverage more ancillas which

may be better suited for tensor network contraction
§ Does repeating circuit structure nature allow for simpler contraction path

CONCLUSIONS AND NEXT STEPS

https://arxiv.org/abs/2101.08448v2


L i n e a r  C o m b i n a t i o n  o f  U n i t a r i e s

§ Projects onto |0…0> <0…0| block of 𝑈!"#

§ Post selection success probability

Ralli, Love, Tranter, Coveney - PHYSICAL REVIEW RESEARCH 3, 033195 (2021)


