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Next-generation teknologi der udnytter kvantefysikkens love

Kvantesensing Kvantekommunikation Kvantecomputere

Ekstremt preecist méle- Ubrydelig kommunikation Lynhurtige beregninger
apparatur



Rhizobia bakterie
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Kvantecomputer applikation fra energi sektoren

Haber-Bosch process
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Cirka 1% af jordens samlede energi forbrug gar til HB process (!)




Mere generelt: Hvor forventer vi kvantecomputer ‘speedup’

Kvantekemi

Relevant for kemisk industri/gron omstilling

Biokemi

Matematik

Relevant for data science/machine learning

Materiale videnskab;,
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Relevant for grean omstilling




Computere med (kvante) bits
En klassisk bit En kvantebit

1 ("teendt’)

O (‘slukket’)




Niels Bohr Albert Einstein



Krav til kvantebits

1: Fastholde ‘superposition’
2: Veere kontrollerbare
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Fangede ioner Superledende kvantekredslgb Isolerede elektroner

... mange andre



Hvordan ser en (superledende) kvantecomputer ud?

EQuS (MIT)

QDev (KU)




Et eksempel fra frontlinjerne

Article | Published: 23 October 2019 Fig. L: The Sycamore processor.

Quantum supremacy using a programmable R PAR
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The promise of quantum computers is that certain computational tasks might be executed

exponentially faster on a quantum processor than on a classical processor’. A fundamental

challenge is to build a high-fidelity processor capable of running quantum algorithms in an

exponentially large computational space. Here we report the use of a processor with

2,34,56,7

programmable superconducting qubits to create quantum states on 53 qubits,

corréspﬁding toa c_omput»ti_OnaI”statec_e mhsions(_a“u‘t'll‘éasu rements

from repeated experiments sample the resulting probability distribution, which we verify

using classical simulations. Our Sycamore processor takes about 200 seconds to sample one

instance of a quantum circu mlln tstf »I»<.svretlﬁyl i‘date that the

equivalent task for a state-of-the-art classical supercomputer would take approximately |
O ér; This dramatic increase in scmd to all known classical l-o‘i‘ths is ~ : g 1 BT o

8,910,11,12,13,14

an experimental realization of quantum supremacy for this specific

a, Layout of processor, showing a rectangular array of 54 qubits (grey), each connected to its four
Computational taSk, heralding a mUCh‘antiCipatEd Computing paradigm. nearest neighbours with couplers (blue). The inoperable qubitis outlined. b, Photograph of the

Sycamare chip.

Google Quantum Al
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Article | Published: 23 October 2019

Quantum supremacy using a programmable
superconducting processor
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Abstract

The promise of quantum computers is that certain computational tasks might be executed
exponentially faster on a quantum processor than on a classical processor’. A fundamental
challenge is to build a high-fidelity processor capable of running quantum algorithms in an
exponentially large computational space. Here we report the use of a processor with
programmable superconductmgqublts“45""" | ‘ |
corréspnmgto c_mpttl_Onal state- space of dn510n2°3(aut1016)‘erments
from repeated experiments sample the resulting probability distribution, which we verify
using classical simulations. Our Sycamore processor takes about 200 seconds to sample one
instance of a quantum cnrcut iﬁlh'n tmes ouf h'aksvc‘et‘ly‘ |‘date that the
equnvalent taskfor a state-of-the-art classncal supercomputerwould take apprommately

0 000 yar Ts dr'amac lntfaé.e in sed compard to all known classical alorlths is

an experimental realization of quantum supremacy®210.1L12.13.14 for this specific

computational task, heralding a much-anticipated computing paradigm.

Fig. L: The Sycamore pr
d

Quantum Computing

& On “Quantum Supremacy”

' | Written by: Edwin Pednault, John Gunnels
& Dmitri Maslov, and Jay Gambetta

Categorized: Quantum Computing

= Quantum computers are starting to approach the limit of class:cal snmulatlon and it is |mportant that we

a, Layout of processor, sho
nearest neighbours with co
Sycamore chip.

Google Quar

continue to benchmark progress and to ask how difficult they are to simulate. This is a fascinating scientific
question.

Recent advances in quantum computing have resulted in two 53-qubit processors: one from our group in
IBM and a device described by Google in a paper published in the journal Nature. In the paper, it is argued
that their device reached “quantum supremacy” and that “a state-of-the-art supercomputer would require

approximately 10,000 years to perform the equivalent task.” We argue that an zdea!szmulanon of the same

taskcan be performed on a classical | system m 2 5 days and tthfar reatr ﬁeht ‘ Th| is in fact

conservatlve worst-case estmate and we expect that W|th add|t|0nal reh nements the classical cost of the
simulation can be further reduced.

IBM Quantum




Kinesisk bud pa quantum supremacy

Quantum Computational Advantage via 60-Qubit 24-Cycle Random Circuit Sampling

Qingling Zhu,"?3 Sirui Cao,!'*? Fusheng Chen,'?3 Ming-Cheng Chen,"?3 Xiawei Chen,”> Tung-Hsun
Chung,!*3 Hui Deng,! >3 Yajie Du,? Daojin Fan,"*?>? Ming Gong,!'*? Cheng Guo,"*? Chu Guo,!'** Shaojun
Guo," >3 Lianchen Han,!*3 Linyin Hong,* He-Liang Huang,*%> Yong-Heng Huo,"*3 Liping Li,> Na Li,!* %3

Shaowei Li,""%?3 Yuan Li,!»*3 Futian Liang,l’z’3 Chun Lin,° Jin Lin,"%3 Haoran Qian,l’z’3 Dan Qiao,2 Hao
Rong,! %3 Hong Su,’*3 Lihua Sun,"??3 Liangyuan Wang,”> Shiyu Wang,"->> Dachao Wu," %3 Yulin Wu," %7
u Xu,%3 Kai Yan,” Weifeng Yang,* Yang Yang,” Yangsen Ye,»?3 Jianghan Yin,> Chong Ying,!%? Jiale Yu,%?
Chen Zha," >3 Cha Zhang, %3 Haibin Zhang,?> Kaili Zhang,"*3 Yiming Zhang,*3 Han Zhao,> Youwei
Zhao, %3 Liang Zhou,* Chao-Yang Lul23 Cheng-Zhi Peng,l’z’3 Xiaobo Zhu,'??3 and Jian-Wei Pan' 23

"Hefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China
*Shanghai Branch, CAS Center for Excellence in Quantum Information and Quantum Physics,
University of Science and Technology of China, Shanghai 201315, China
3Shanghai Research Center for Quantum Sciences, Shanghai 201315, China O Sept 2021
4QuantumCTek Co., Ltd., Hefei 230026, China

>Henan Key Laboratory of Quantum Information and Cryptography, Zhengzhou 450000, China
Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China

To ensure a long-term quantum computational advantage, the quantum hardware should be upgraded to with-
stand the competition of continuously improved classical algorithms and hardwares. Here, we demonstrate a
superconducting quantum computing systems Zuchongzhi 2.1, which has 66 qubits in a two-dimensional array
in a tunable coupler architecture. The readout fidelity of Zuchongzhi 2.1 is considerably improved to an average
of 97.74%. The more powerful quantum processor enables us to achieve larger-scale random quantum circuit
sampling, with a system scale of up to 60 qubits and 24 cycles. The achieved sampling task is about 6 orders of
magnitude more difficult than that of Sycamore [Nature 574, 505 (2019)] in the classic simulation, and 3 orders
Fmagnitude more difficult than the sampling task on Zuchongzhi 2.0 [arXiv:2106.14734 (2021)]. The time
consumption of classically simulating random circuit sampling experiment using state-of-the-art classical algo-
rithm and supercomputer is extended to tens of thousands of years (about 4.8 X 10* years), while Zuchongzhi
2.1 only takes about 4.2 hours, thereby icantly enhancing the quantum computational advantage.

® N &N 0N 0N 9N
S N N N N 2

® N &N PN 0NN
S &N PN PN PN

® N &N PN PN PN
S &N NN PN

SN N N 0N
S 2N 2N O

&'s o

N &N 0N NN
S PN N NN

/‘/

N

N N NN s

%




Kommercielle interesser har drevet kvantecomputer skalering

Q AEQUT & DEVELOPERS v PRCDUCTS v RESEARCHERS CAREERS FARTNERS CONTI
(© 5 minute read Date
U6 Apr 2022 Demonstrating Benefits of
. Quantum Upgradable Design
Pushing quantum performance R Strategy: System Model H1-2

First to Prove 2,048 Quantum

forward with our highest S Valume

Quantum VOlu me yet Metar Jurcevic

David Za ac Jdacember 2%, 2021

, Jin Siehlik
IBM Quantum has once again doubled the Quantum Volume of =
ONIact:
Media
Kortny Rolston-Duce
+1[208) 522-4809
Kortnvroiston-duce@honeywell.com

our highest-performing processor, achieving a Quantum Volume Isaac Lauer Foxtall (2016)

of 256 on the Falcon r10. Fycn Mandzbauw

22 qubits

Demonstrating Benefits of Quantum Upgradable Design Strategy:
System Model H1-2 First to Prove 2,048 Quantum Volume

Guanimuums H=-Series quantum compulers. Poweared by Honeyveell continue (o dalivan on
expanential performance gains

4096
QV = 2048, h = 69.76%0r
QV = 1024, h = 70.36%a
QV = 512, h=73.32%4

QV 256 - Prague

Bristlecone (2017]
QV 128 - Montreal - -

QV 64 - Montreal - -

/2 qubits

QV 32 - Paris --- QV =128 . h= 71‘78‘3-'0A

OoQV = 64, h=17296%

QV 16 - Johannesburg

Quantum Volume

QV x 10 yearly
OQV =16, h=76.77T% System Model HO
8 h=83.28% System Model H1.1
System Model| H1.2

QV B - Tokyo

Quantum volume

127 superledende qubits

4, h=177.58%

T-

Sycamore (2018)

53 qubits (better control)
IBM Press release fra starten af april Honeywell (Quantinuum) Google Quantum Al



Fundamental kvantehardwareudvikling anfart af akademisk forskning
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Fra Kjaergaard et al, Ann. Rev. Cond. Matt. (2022)



Den fremtidige udvikling af kvantecomputere

Fault-tolerant quantum computers .l Noisy intermediate-scale quantum computers

I Improved native gate set & Fast classical feedback

“Ll Noise mitigation E Device connectivity

General purpose fault-tolerant | . etc.
quantum computation

s v

Tailored quantum computations
outside the reach of classical computing

ik

Algorithms on multiple logical qubits

I

Operations on single logical qubits

State-of-the-art
demonstrations

Logical qubits with improved
properties over physical qubits
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Improvements to classical control Improvements to qubit readout

Improvements to physical qubits Improvements to native gates

Fra Kjaergaard et al, Ann. Rev. Cond. Matt. (2022)




iver den store kvantecomputer af?

Hvor bl

Qubits er meget meget fglsomme overfor stgj




Fejlretning bliver en absolut nadvendighed
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2909089999000 9090000009090000000000000000000000000G
29088900080 00000000000000000000000000000GGBGBYS
2909089908000 09000000000000000000000000000GGGGBG
208809000000 00000000000000000000000000GGDO BBV BYE
2080869086080 000000000000000000000000000000GGGGS
2909000000900 000000000000000000000000000BBBDBBGGS
2088690086000 000000000000000000000000000000 GG GBS
2908890000000 000000000000000000000000000000009
2909808000000 550000000000000000000000000000BBBGGS
290868690086000000000000000000000000000000000 G0 GBS
2900990569000 0000000000000000000000000000GGBBGGS
290909086909090090090000000000000000000000000GBD GGG GY
28090850000 0000000000000000000000000000GGBBBGS
2099590909000 90090000000000000000000000000GBDBDBGBY
2090056900900 900900000000000000000000000000BVGGGGY
280909990 8690090990000000000000000000000000000GBBBGS
2090056900000 0000000000000000000000000000GVGGGBY
200086056000 0000000000000000000000000000000G GGG
2090865600000 00000000000000000000000000000DGBGEY
2090865600000 0090000000000000000000000000000000GY
208008000560 00000000000000000000000000000G GGG
2909900909809 90900090909000900000000000000000000GGGGGYG
209080560000 000000000000000000000000000000BBGGS
29080900909 0090900090000000000000000000000000GGBBBYS
290909089090 0090909000900000000000000000000000000000GG
2080080008690 0000000000000000000000000000DG GGG
2908900090009 000090000000000000000000000000GGGGGG
20860860006600000600000000000000000000000000 0GB
2090080008690 00000000000000000000000000000GGGGBYS
20085560000 00000000000000000000000000000000 GBS
2998500000 0000000000000000000000000000BBGGGEY

2998900909000 090909009000000000000000000000000000GGY

1 logisk (fejlfri) qubit

From Lee et al, PRX Quantum, (2021)



Hvor langt er vi med fejlretning?

Article

Exponential suppression of bit or phase
errors with cyclic error correction

nature

: ARTICLES
physics

https://doi.org/10.1038/s41567-020-0920-y

W) Check for updates

Repeated quantum error detection in a surface
code

Christian Kraglund Andersen® 24, Ants Remm®, Stefania Lazar, Sebastian Krinner, Nathan Lacroix,
Graham J. Norris, Mihai Gabureac, Christopher Eichler and Andreas Wallraff

August 2020

Logical-qubit operations in an error-detecting surface code

J. F. Marques,!*? B. M. Varbanov,! M. S. Moreira,!>? H. Ali,’>? N. Muthusubramanian,''? C. Zachariadis,! 2
F. Battistel,! M. Beekman,"? N. Haider,"»® W. Vlothuizen,"2 A. Bruno,»? B. M. Terhal,** and L. DiCarlo'?

Y QuTech, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands
2Kavli Institute of Nanoscience, Delft University of Technology,
P.O. Box 5046, 2600 GA Delft, The Netherlands
3 Netherlands Organisation for Applied Scientific Research (TNO),
P.O. Box 96864, 2509 JG The Hague, The Netherlands
1JARA Institute for Quantum Information, Forschungszentrum Juelich, D-52425 Juelich, Germany
(Dated: February 26, 2021)
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2 @ Measure qubit O Data qubit

Repetition code:
distance 3-11

Surface code:
distance 2

Stabilizers: A XX A ZZ K XXXX

July 2021

Realization of an Error-Correcting Sarface Code with Superconducting Qubits

Youws: Zhao,"* ™ Yangsen Ye,"** " He Licng Huang,”** ~ Yiming Zhang," ** Dechao W, Huijie
CGuan M3 Qingling Zhu, 32 Zupkin Wai.- =3 Tan He " * Sirui Can, b33 Fusgheng Chen, - Tung Hsun (‘.htmg,"l"'
Hui Deng."*# Dacjin Fan," ** Ming Geng,* =¥ Cheng Gue,- ** Shaojun Guo,'-=~ Lianchzn Han,'>* Na Li, "+

2

Shanwei 1.4,1% 3 Yuan 13, 27 Futian Liang 152 Jin Lin 123 Hanean Qian,)-2? Hao Rong -2 3 Hang Su
2 Yulin Wu,"** Yu Xu,*%* Chong Ying,. '~ Jiale Yu."** Chez Zha, ™ # Kail:

Lihua Sun,“** Shiyu Wang,
Z:xang.: 23 Yong-llcnglluo."

1.
2.1

o 1.2.3

* Chao-Yang Lu.'>" Cheng-Zhi Peng > Xiaobo Zhu, "= 7 and J1an-Wei Pan'->*

*Department of Moders Physice, University of Scicnce and Technolagy of China, Hefa 230026, China
"S':anghu fveich CAS Center jor Exerllence in Quantun Defarnation and Cuamtur: Phycice,

Lincverstty cp Sewence 2na fechn .gv nf Chino, .‘il‘rmghm 2008, Chow
“Shanyhas Rexearch Cenier for Quumtars Scoiences, Shaaghat 201315, Chiny

Quantom 2oor correction s a cuticel techiigue four vensitionog fiom noisy ateonediate-scale guantui
INISQ) devices 1o fully Aedged quantui: contputers, The suifaie code, whoch bas o bogh tueshold eoooe gate, is
the leading quanturm emror commection code for two-dimensioral gnd architecture, So far, the repeated error cor-
rection cupability of the surface code hus not beer realized extenmentally. Herz, we experimente!ly implemert
an error-correcting surface oode, the distancs- 3 surface code which consists of 17 cubits, or the Zuchongzhi 2.1
siperecaduching lantim procesios By cteculing soversl ennsecnive erme correeton eyel g, the lngics | ermor
car he sigreneartly redoces after applving correchions, achieving the reprated emar eormechion af su-face code
for the frst e, This experivent wepoesents = folly Cunctional ostance of an ercor-correcting sucface code,

providoog a key slep o te path oweards sealable fault-lolerant guantum comput.og,

Dec 2021

Realizing Repeated Quantum Error Correction in a Distance-Three Surface Code

Sebastian Kricner,!' ™ Nathan Lacroix,** Ants Hemm,' Agustin Di Paclo.® Ele Genois,? Catherire Leroux,?
Christoph Hellings,! Stefaria Lazar.! Francois Swiadek,! Johannes Herrmann,! Graham J. Norrig,! Christian
Kraglund Andersen,'t Markus Miller,* Alexandre Blais.*® Cliristopher Eichler," end Avdress Wallrad™
! Department of Physics, b1TH Zurich, UCH-8093 Zurich, Swtzeriand
fInstitut Quantigue end Département de Physique,
Université de Sherbrooke, Sherbrooke JIK2R! Québec, Canada
“Instiute for Quantum Information, RWTH Aachen University, Adachen D-52056. Germany
“Peter Griinberg Teatitute, Theoretival Nanoelectrovics,
Forschungszengrune Jikeh, Fiich D-52425, Gernany
Funnkan Tustelsde for Advances! Reseneeds, Tovmde, ON, Cosudn
" Quantun Cender, BTH Zurmch, 8043 Zurich, Switzerland
{Dated: December 8. 2027)

Ouantem computers held the promise of selving computational problems which are intracvable
using conmventional methocs 1], Tor fauk-tolerant operation quantum coraputers must correct errors
occursing due to unavoidable deccherence anc Emited control accuracy |2. Ilere, we demonstrate
gquantum error correction using the surface cade, which is <nown for its exceptiorally high talerance
Laresrvons [3-6]. Tl 17 physica’ qubite in asnpercanducting cirenit we encode quaabom nfar malior
m n destanee-chree logical gubit buildine up on reeent ditanoe-cwo ermor detection experiments |7
9. o an error correetion cycle talong only L1 ps, we demonstrate the oreservabion of four carding’
states of the logical qubit. Hepeatedly executing the eyele. we mensure end decode both bit- anc
phase-flip error syndromes using & minimum-weight periect-matcaing algorithm in an error-model-
free approach and apply corrections in pestprocessing. We find a low error probability of 3% per
cyele when rejecting experimental runs in which leakage is detected, The measured characteristics
af our device agree well with a numerical model. Our demonstraticn of repeated, Zast and high-
performeEnce guant wm ervar correction cyeles, together with recent advanees in don traps [T, support
awr inederstanding thas fanlt-rolarant quantum comwputation will be practically reslizable

§x1
§23

Dec 2021
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Kemi pa en (stor) kvantecomputer

Elucidating reaction mechanisms on quantum PRX QUANTUM 2, 030305 (2021)

Table 2. Fault tolerance overheads

computers Requirements Serial rotations
—3 —6
Markus Reiher, Nathan Wiebe, Krysta M. Svore, Dave Wecker, and Matthias Troyer Error.rate 10 10
+ See all Githiors snd affilaticns Required code 35,17 9 Even More Efficient Quantum Computations of Chemistry Through Tensor
distance Hypercontraction
PNAS July 18, 2017 114 (29) 7555-7560: first published July 3, 2017; https://doi.org/10.1073/pnas. 1619152114 Qllj_ant_urT prck))_ctessor 111 111
ogical qubits 1,%,§ . 2,1.8 SUPSE 3 Wil 3 3
Edited by David P. DiVincenzo, Institute for Quantum Information, RWTH Aachen University, and accepted by Editorial Physical qubits per 15313 1013 Joonho Lee®, Dominic W. B}elrry’ : bCI‘:l ;g G(lldney, Wﬁ{)lan}ll J.3Hiugg1ns, Jarrod R. McClean,
Board Member Evelyn L. Hu May 24, 2017 (received for review December 31, 2016) Iogical qubit Nathan Wie c, an Ryan Babbus

1Department of Chemistry, Columbia University, New York, New York, USA
2Depazrl‘ment of Physics and Astronomy, Macquarie University, Sydney, NSW, Australia
3Google Quantum Al, Venice, California, USA
4Department of Physics, University of Washington, Seattle, Washington, USA
5Patciﬁc Northwest National Laboratory, Richland, Washington, USA

_Total physical qubits 1.7 x 10° 1.1 x 10°

Rotation factories

Significance Number 0 0
Physical qubits per — —

Our work sddresses the question of compeling idller applications for quantum computers factory B (Received 12 Decenmber 2020: evised 7 Al 20212 accented 24 Moy 2021 peblished & Juby 2021
Although quantum chemistry is a strong candidate, the lack of details of how quantum Total physical qubits - — ’ ’ Y > PUDLISHE wy )
computers can be used for specific applications makes it difficult to assess whether they for rotations We describe quantum circuits with only O (N) Toffoli complexity that block encode the spectra of quan-
will be able to deliver on the promises. Here, we show how quantum computers can be T factories tum chemistry Hamiltonians in a basis of N arbitrary (e.g., molecular) orbitals. With O (A /€) repetitions of
used to elucidate the reaction mechanism for biological nitrogen fixation in nitrogenase, by Number 202 68 these circuits one can use phase estimation to sample in the molecular eigenbasis, where A is the 1-norm
augmen‘ailvlcao of reaction mechanisms with reliable estimates for Physical qubits per 8.7 x 10° 1.7 x 10 of Hamiltonian coefficients and € is the target precision. This is the lowest complexity shown for quantum
factory computations of chemistry within an arbitrary basis. Furthermore, up to logarithmic factors, this matches

lati d activati ies that b d tl h of traditional methods. We al : :
relative and activation energies that are beyond the reach of traditional methods. We also Total physical qubits 1.8 % 108 1.1 % 10

for T factories
a modular architecture for parallel qguantum computers can perform such calculations with Total physical qubits 1.8 x 108 1.2 % 106

the scaling of the most efficient prior block encodings that can work only with orthogonal-basis functions
diagonalizing the Coloumb operator (e.g., the plane-wave dual basis). Our key insight is to factorize the
Hamiltonian using a method known as tensor hypercontraction (THC) and then to transform the Coulomb
operator into an isospectral diagonal form with a nonorthogonal basis defined by the THC factors. We
then use qubitization to simulate the nonorthogonal THC Hamiltonian, in a fashion that avoids most com-
plications of the nonorthogonal basis. We also reanalyze and reduce the cost of several of the best prior
algorithms for these simulations in order to facilitate a clear comparison to the present work. In addition to
having lower asymptotic scaling space-time volume, compilation of our algorithm for challenging finite-
sized molecules such as FeMoCo reveals that our method requires the least fault-tolerant resources of any
known approach. By laying out and optimizing the surface-code resources required of our approach we
show that FeMoCo can be simulated using about four million physical qubits and under 4 days of runtime, -
1525 Cyclc Timnes and physical ate-orrof Talcs D0 WOMSE AR 100 o

show that, taking into account overheads of quantum error correction and gate synthesis,

components of reasonable complexity.

assuming

DOI: 10.1103/PRXQuantum.2.030305



Materialeforskning pa en (stor) kvantecomputer

How to simulate key properties of lithium-ion batteries with a fault-tolerant quantum
computer

Alain Delgado,! * Pablo A. M. Casares,>* Roberto dos Reis,"*? Modjtaba Shokrian Zini,'

Roberto Campos,®? Norge Cruz-Hernéndez,® Arne-Christian Voigt.® Angus Lowe,! Soran

Jahangiri.! M. A. Martin-Dclgado,? 7 Jonathan E. Mucller,® and Juan Miguel Arrazola': '
! Xanadu, Toronto, ON, M5G 2C8, Canada

“Departamento de Fisica Teérica, Uniwversidad Complutense de Madrid, Spain
* Department of Materials Science and Engineering,
Northwestern University, Evanston, IL 60208, United States
*Quasar Science Resources, SL
® Departamnento de Fisica Aplicuda I, Escuela Politécuice Superior, Universidud de Sevilla, Seville, E-41011, Spain
 Volkswagen AG, Germany 1. Hartree-Fock
" CCS-Center for Computational Simulation, Universidad Politécnica de Madrid

Equilibrium Voltage lonic Mobility

There is a pressing need to develop new rechargeable battery technologies that can offer higher

energy storage, faster charging, and lower costs. Despit _ . : —Jmmetrization
simulation of battery materials, they can sometimes fal A careful resource estimation of the full quantum algo-

results. Quantum computing has been discussed as an 1 rithm reveals that despite its favorable asymptotic scal-
limited sork:has been cone'fopuitine how-they may il 350 1He overall resource requirements remain daunting.
we provide a detailed answer to the following f-,__ g S Lo R eSS S T PR S I

simulate key ; properties 'of a lithium ion battery? Basec This is true even under the a.sbumptlon that a Hartree-
techniques, we lay out an end-to-end quantum algorithf Fock approximation has sufficiently large overlap wit the

ionic mobility, and thermal stability. These can be obtain true groun d state. COIlCI‘ o tely Olll‘ calc lllatIOIlS lIl dlC&te
which is the core calculation executed by the quantum cq o -

phase estimation. The algorithm includes explicit method t‘ ~01111 c f ] ns ] ‘ | "
of Pcriqdic materials in first qua?,ntizat.i(?n. We bring th o tesar IlCS‘d y to execute one round of quantum e
';Tt'l?; 2120:;4(:22;: i :;SI;";TC(:&]mP et £ ph‘s‘ estimation. These numbers are not entirely pro- } Co o, Cathode

hibitive; based on optimistic estimates of the clock rate £

of fault-tolerant quantum computers, implementing the

full quantum phase estimation algorithm may take some-

where between hours to months depending on the num-

ber of plane waves used. Nevertheless, these resource

estimates are a pressing invitation to undertake a dedi-

cated effort aimed at reducing the cost of the quantum

algorithm by many orders of magnitude.
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Cytochrome P450 and Chemical Toxicology
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2. Roles of P450s in Reducing Toxicity

P450s are the ma'or enzymes involved in dru metabolism,
accounting for ~75% (Figure 4A). Of the 57 human P450s,

five are involved in ~95% of the reactions (Figure 4B), which
1s fortuitous in simplifying the task of assigning new reactions
to individual P450s (57).

One issue in drug development is bioavailability, and a
common initial study is usually “microsomal stability” to predict
if most of a drug will be eliminated too rapidly in a “first-pass”
effect (59). Another issue is side effects due to the inherent
pharmacology of the parent drug. Drug doses are adjusted so
that most people will clear the drug at a reasonable rate.
However, if an individual has an inherent (e.g., genetic)
deficiency of a particular P450 or that P450 is inhibited by
another drug, toxicity may develop, particularly if drug ac-
cumulation occurs upon multiple doses. Drug—drug interactions
are recognized to be a major cause of adverse drug reactions.

The field of cytochrome P450 (P450) research has developed considerably over the past 20 years, and
many important papers on the roles of P450s in chemical toxicology have appeared in Chemical Research
in Toxicology. Today, our basic understanding of many of the human P450s is relatively well-established,
in terms of the details of the individual genes, sequences, and basic catalytic mechanisms. Crystal structures
of several of the major human P450s are now in hand. The animal P450s are still important in the context
of metabolism and safety testing. Many well-defined examples exist for roles of P450s in decreasing the
adverse effects of drugs through biotransformation, and an equally interesting field of investigation 1s
the bioactivation of chemicals, including drugs. Unresolved problems include the characterization of the
minor “orphan” P450s, ligand cooperativity and kinetic complexity of several P450s, the prediction of

metabolism, the overall contribution of bioactivation to drug idiosyncratic problems, the extrapolation of
animal test results to humans in drug development, and the contribution of genetic variation in human
P450s to cancer incidence.
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Reliably assessing the electronic structure of cytochrome P450
on today’s classical computers and tomorrow’s quantum computers

Joshua J. Goings,!'* Alec White,?"* Joonho Lee,!>3 Christofer S. Tautermann,*® Matthias
Degroote,® Craig Gidney,! Toru Shiozaki,? Ryan Babbush,!> T and Nicholas C. Rubin'*

L Google Quantum AI, Venice, CA 90291, United States
2 Quantum Simulation Technologies, Inc., Boston, 02135, United States
3 Department of Chemistry, Columbia University, New York, New York 10027, USA
* Boehringer Ingelheim Pharma GmbH & Co KG, Birkendorfer Strasse 65, 88397 Biberach, Germany
® Department of General, Inorganic and Theoretical Chemistry, University of Innsbruck, 6020 Innsbruck, Austria
® Quantum Lab, Boehringer Ingelheim, 55218 Ingelheim am Rhein, Germany

Channel N-Terminus

Prosthetic

H eme An accurate assessment of how quantum computers can be used for chemical simulation, especially
their potential computational advantages, provides important context on how to deploy these future
Group devices. In order to perform this assessment reliably, quantum resource estimates must be coupled
with classical simulations attempting to answer relevant chemical questions and to define the clas-
sical simulation frontier. Herein, we explore the quantum and classical resources required to assess
the electronic structure of cytochrome P450 enzymes (CYPs) and thus define a classical-quantum
advantage boundary. This is accomplished by analyzing the convergence of DMRG+NEVPT2 and
coupled cluster singles doubles with non-iterative triples (CCSD(T)) calculations for spin-gaps in
models of the CYP catalytic cycle that indicate multireference character. The quantum resources
required to perform phase estimation using qubitized quantum walks are calculated for the same
systems. Compilation into the surface-code provides runtime estimates to compare directly to
DMRG runtimes and to evaluate potential quantum advantage. Both classical and quantum re-
source estimates suggest that simulation of CYP models at scales large enough to balance dynamic
and multiconfigurational electron correlation has the potential to be a quantum advantage prob-
‘\\ lem and emphasizes the important interplay between classical simulations and quantum algorithms
development for chemical simulation.
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Danish quantum industry landscape

Startups and SMEs
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