


The Physics of Quantum Information

John Preskill

Institute for Quantum Information and Matter, California Institute of Technology
AWS Center for Quantum Computing
Pasadena, California 91125, USA

Rapid ongoing progress in quantum information science makes this an apt time for a
Solvay Conference focused on The Physics of Quantum Information. Here I review four
intertwined themes encompassed by this topic: Quantum computer science, quantum
hardware, quantum matter, and quantum gravity. Though the time scale for broad
practical impact of quantum computation is still uncertain, in the near future we can
expect noteworthy progress toward scalable fault-tolerant quantum computing, and dis-
coveries enabled by programmable quantum simulators. In the longer term, controlling
highly complex quantum matter will open the door to profound scientific advances and
powerful new technologies.

Overview talk at the 28th Solvay Conference on Physics
“The Physics of Quantum Information”
Brussels, 19-21 May 2022
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No Year Title

1 1911 | Lathéorie du rayonnement et les quanta

Translation

The theory of radiation and quanta

1913 | La structure de la matiére

The structure of matter

1921 Atomes et électrons

Atoms and electrons

1924 | Conductibilité électrique des métaux et problemes connexes

Electric conductivity of metals and related problems

1927 | Electrons et photons

Electrons and photons

Chair

Hendrik Lorentz (Leiden)

Magnetism

1933 | Structure et propriétés des noyaux atomiques

Structure & properties of the atomic nucleus

Paul Langevin (Paris)

1948 | Les particules élémentaires

Elementary particles

2
3
4
5
6 1930 | Lemagnétisme
7
8
9

1951 L'état solide

The solid state

10| 1954 | Les électrons dans les métaux

Electrons in metals

111 1958 | Lastructure et I'évolution de l'univers

The structure and evolution of the universe

12/ 1961 | Lathéorie quantique des champs

Quantum field theory

Lawrence Bragg (Cambridge)

13 1964 | The Structure and Evolution of Galaxies

J. Robert Oppenheimer (Princeton)

14| 1967 | Fundamental Problems in Elementary Particle Physics

Christian Maller (Copenhagen)

15 1970 | Symmetry Properties of Nuclei

16| 1973 | Astrophysics and Gravitation

Edoardo Amaldi (Rome)

17/ 1978 | Order and Fluctuations in Equilibrium and Nonequilibrium Statistical Mechanics

18 1982 | Higher Energy Physics

Léon Van Hove (CERN)

19| 1987 | Surface Science

F. W. de Wette (Austin)

20/ 1991 | Quantum Optics

Paul Mandel (Brussels)

211 1998 | Dynamical Systems and Irreversibility

22/ 2001 | The Physics of Communication

loannis Antoniou®®! (Brussels)

23| 2005 | The Quantum Structure of Space and Time

David Gross (Santa Barbara)

24| 2008 | Quantum Theory of Condensed Matter

Bertrand Halperin (Harvard)

25/ 2011 | The Theory of the Quantum World

David Gross

26/ 2014 | Astrophysics and Cosmology

Roger Blandford (Stanford)

271 2017 | The Physics of Living Matter: Space, Time and Information in Biology

Boris Shraiman (Santa Barbara)

28| 2022 | The Physics of Quantum Information

David Gross (Santa Barbara) Peter Zoller (Innsbruck
U)
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2 Diophanti Alexandrini ,

Efto prius prodn&um 32. pofterius 272. Ponatur fumma numerorum't N. Igitur % eft fummg
quadratorum » & quia ex fuinma numerorum- 1n interuallum corundem | fit interuallum quadra~
torum , quo rurlus duéto in numerorum interuallum fit 32. erit i quadrdtus intervalli numerotum,

544 2

o 7.2, ponif. qui fi auferatur a duplo fumma quadratorum, nimirum 2 4 * refiduum 5 2quatur quadrato fum-
[oRins o8 piv B R wrimma pumerorum'r Q. & omnia ducendo in 1 N. fiunt 512 2quales 1 C. & firy N 8. fumma numero-
Vimmd mambvond ' S8 Tum , & 34. fumma quadrntorum , & 2. interuallum corundem. Vnde facilé reperiuncur numerj
nkty il Jy o sgiadons.. 3+ & 5. Hine fit Canon. s
'6“5):3'?"1%4@ ,/A'),«'} sk Anfer prius productum a duplo pofferioris, refidunm eft cubms fumme numerorum , per quan fi di-
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. Hidas prius produc’//tm  fit r/u.u{;u!/u: internally nwmerorum.
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dch) i tnanddm Snhvwds  Tnyenire duos numeros vt productum ex fumma numerorum in internallum qua-
Ao, Jeul(ed? %:: ’V;"“f;ilx‘;lt(_)l'Lllll, & productum ex fumma quadratorum in interuallum numerorum , datos
VS i misnd JXci = conficiant numeros. Oportet autem duplum pofterioris producti multatum priore
«}.nw(sv'fjg}*"”\"{:"“""*:prodmtu , relinguere cubum, ita vt per cius latus dinidendo prius productum ;orias
ns, Qo i ke oo Vet tur quadratus.
e Rl a.DMnS Efto prius productum 128. pofterius 68. Ponatur interuallum numerorum 1 N. ergo {fumma qua-
‘-mens‘pj iainS dratorum erit % & ob cauiam in pr:culcnrc all}mm et qu;ui‘mnls {fumma pumerorum. Itaque

D2l SOR L 1o 2 O, fi 2 duplo fumma quadmtgmm quu_(l eft 3¢ auferatur quadratus fumma numerorum nimirum iy ;
g VAR T“ula'/o/ﬁ refiduum 5 eft \1uadr;uusmtcrunlh numerorum.  Quare iy @quatur1 Q. & omnia in1 N. fiunt 8.
R T 7, @quales 1 C. eft ergo 1 N 2. interuallum numerorum, & fumma quadratorum 34. & quadratus fum-
s e 2" ma numerorum 64. vnde licet variis modis quaftionem foluere , & inucnire quafitos numeros3. &
Qxppor-Kowd v & T 5. Hinc fit Canon. _
/% V0, %74«;‘.”‘"“‘/ o s Aufer Pr,‘m produttum a duplo pofterioris vefidunm eft cubus interualli numerorum, itague per
,.’,)‘5{'“‘,&\;7 weemidbo vumd cins latus dinidendo prius produtum , orstur guadratus fumma nwmerorum.
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ma quadratorumab ipfis , ad fummamip-
forum datam habeat rationem. Impera-
tum fic maiorem minoris efle triplum ;
fummam autem quadratorum ; fumma
numerorum efle quincupl:ml. Ponatur
minor 1 N.-Maior igitur erit 3 N. Supe-
reft vt fumma quadratorum ab ipfis, fum-
ma verivfque fic quincupla. Caeterum
fumma quadratorum ab ipfis ortorum fie
10Q. fumma vero ipforum eft 4 N. vn-
de conftat 1o Q. quincuplos efle ad 4 N.
()\u.lmobrcm 20 N. @quantur 10 Q, & fit
1 N. 2. Eft igitur minor2. maior 6. &
queftioni fatisfaciunt,
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1938 100,000

2020 3,875,694,145,621,773,516,800,000,000,000
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Collatz Conjecture
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Number of Primes
less than n

1000
10000
50000

100000
500000
1000000
2000000
5000000
10000000
20000000
90000000
100000000
1000000000
10000000000

168
1229
5133
9592

41538
78498
148933
348513
664579
1270607
5216954
5761455
50847534
455052511

1246
5167
9630
41606
78628
149055
348638
664918
1270905
5217810
5762209
50849235
455055614
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Number of Primes log x

less than n

1000
10000
50000

100000
500000
1000000
2000000
5000000
10000000
20000000
90000000
100000000
1000000000
10000000000

168
1229
5133
9592

41538
78498
148933
348513
664579
1270607
5216954
5761455
50847534
455052511

<

178
1246
5167
9630

41606
78628
149055
348638
664918
1270905
5217810
5762209
50849235

< 455055614
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Modeling Computation

What kind of problems are in principle
solvable in the physical world?

Control
Unit

<e.— Read/Write Head

B 0

Tape is infinite in both directions.
Only finitely many nonblank cells atany time.

urch-Turing Thesis (1930
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This semester
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Quantum Error Correction
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