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A new science for the 215t Century?
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Quantum imulations
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Quantum Simulation: What is it?

d¥

Y Describes N interacting systems, each

17 E =HY system having D degrees of freedom

DN coupled differential equations

International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

Simulating Physics with Computers

Richard P. Feynman
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Two approaches

Physical

(1) System . Trial
H
b
Physical
(2) Ch?_lose System
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1h——=HY
dt

|hd—\P= HY
dt



Quantum Computing:
parallel processing on 2N inputs

Example: N=3 qubits

¥ = a,|000) + a,/001) + a,[010) + a,[011)
a,|100) + a|101) + a5 |110) + a, [111)
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Measurement gives random result

e.g., ¥ = |101)
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quantum interference saves the day!

e

Q = O O

—
— quantum S depends
.4). ) ~ - -—
O = logic == on all
gates S :

O ;.f". — ﬂ\t O InputS

= O

Deutsch (1985)
Shor (1994) fast number factoring N =pxg
Grover (1996) fast database search



quantum interference saves the day!

()
C——— Q== O
o
— quantum o) depends
D=0 . - —
O = logic =750 on all
gates === :
O ;.f". — ﬂ\t O InputS
- O

e 19 10+ 11
gate- 11y - 11) - 10)

quantum 10) 10) = 10) |0)

XOR gate: 10) 11> = 10) |1) e.g.(10) + 11))10) - 10)|0) + |1)]1)

1) |0) - 11) |1)  superposition — entanglement

111 - 11 106



Quantum simulations with individual atoms
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Trapped Atomic lons
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d
spin-dependent force

F=FID{T - Rl

Slow: Coulomb-coupled nonlocal normal modes, phonons

Fast: dipole-dipole coupling (or other forms)

e’ e e® (ed)’ 5~ 20 nm
S _\/d2+52 d 2d° T e 5 ~ 1000 Debye




Global spin-dependent force

DXL




Global spin-dependent f 'T>Z§:
obal spin-depenaent torce 1)

ADD: Independent spin flips
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ANTIFERROMAGNETIC PHASE <r:r > 1
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Figure from Porras and Cirac

PRL 92, 207901 (2004) ORDERED PHASE



PERIODIC TABLE

Physics

NISI

Standard Reference

Group . - Laboratory Data Program
IA At P p rt f th El t physics nist.gov www.nist:gov www.nist.govisrd VIl
= omicC rroperties o e ciements PR
— = e U.S. DEPARTMENT OF COMMERCE H
Frequently used fundamental physical constants Technology Administration :
1 Hydrogen For the: most accurate values of these a r conslants, vislt physics.nistgoviconsiants | National Institute of Standards and Technology. Helium
1.00794 1 second =9 192 631 770 periods of radiation corresponding ta the transition 00260
18 ) between the two hyperfine levels of the ground state of '°Cs is
13'59;3-4 ”AI speed of light in vacuum e 299 792458 ms ' (exact) ”Ia' IVB~ VB ViB — VIIB ?‘4"53771
3 ‘s.l4 's, Planck constant h 6261« 10 Js ih = hi27) i el P T '85.(8 P19 P10 s,
Li Be elementary charge e 16022 « 1077 € B C N 0 F Ne
electron mass m 9.1094 % 107 k : '
20 L Beryllium = g 95110 XMeV ¥ Boron Carbon Nltrogen Oxyaen Fluorine Neon
6.941 g.01218 G 5 or 10.811 12.0107 1400674 159004 18.90840 20,1797
13325 131252 PIOTESS My 16726 10 kg 152520 Wsziszzcz 19553?2;)": 192'252211' ts’zs"z;i* 1.5225’296
53017 §.2207 T;"z"bsémc‘”'e ;10”1513"‘ ; :Sg;:fggz o §,2650 112603 | t4sa41 | 18618l | 174228 | 215648
5 - ydberg constan 3 - 3 3 I E
11 %5012 75, e 5950 84 5 10" Kz 13 %z2,.[14 _"PL 15 ‘s |16 °r, 1T “F5.[18 'S,
5 Na Mg Rhe — 13.6057 eV Al Si S Cl | Ar
Sodium Magnesium Boltzmann constant K 13807 107 JK Aluminum Siilean Phosphorus Sulfur Chigrina \
2298977 | 243050 VILA 2698154 | 280855 | 4097376 32,088 35 4527 30.948
=a 2 T - I S . sn. ta ¥ o | 2. 5 2, &
[Meids [Melds |Nej3s"3p [Wel3s"3p [Nej3s™3p INef3s 30 [Nej3s™3n° [N&]23s"3p
5.1391 7 5452 A IVA VA VIA VIIA | 1B iy 59658 81517 | 1oase7 | 103600 | 1zeera | 157596
19 5,020 's;§21 *p,,|22 °r |23 °F,|24 's,|25 ®s..|26 °D,|27 ‘F.. |28 R |29 ‘s.030 s, 31 .32 °°,[33 ‘s2.(34 R, |35 [36 s,
= i "
B Ca|Sc | Ti |V |Cr| Mn| Fe Co| Ni |[Cu|lZn|Ga | Ge | As | Se | Br | Kr
‘5 4 Potassium Calrium Scandium Titanium Vapadium | Chromium | Manganese Iron Cabalt Nicke! Copper Zing Gallium Germanium Arsenic Selenium Bromine Kryplon
a 39.0883 40.078 4495531 47.867 50.9415 51.9961 54.33605 58845 5693320 | 58.6934 53.545 65.48 69723 7261 74.92160 78,96 79.904 8380
[Arlds [Arjas® Asads® | jansd’ss’ | anadles | janadss | ageest | jamad®sst | pmdlast | adsa’es | (ansdas [ lagsa®®ss® Jianadastan | (arian "estap? |arjac e ap® fariad Sacapt |iangan st A an Caste?
43407 61132 6.5615 8.5281 5.7462 5.7665 7.4340 7.9024 7.8810 7.6398 7.7264 5.9993 7.8994 57886 97524 116138, | 139098
37 S, S.§39 °n..|40 °r. |41 °D,,|42 's,|43 %s..|44 °r. |45 °F.. |46 's,|47 s, 48 's, 49 °*F:, |50 p, |51 's5.|52 p.|53 P:, (B4 s,
Rb}y Sr| Y | Zr [Nb | Mo | Tc | Ru | Rh | Pd Cd] In | Sn Te Xe
5 Rubidium Strontium Ytirium Zirconjum Nigbium Malybdenum | Tethnetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium loding Xenan
85,4678 87.62 88.90585 91.224 32,90638 55.94 (94 10107 | 10290550 | 106.42 107.8682 12411 114.818 118,710 121.760 12760 | 12690447 | 13129
K55 [Krjss™ Ksss? | kdd'ss? | sdss | (keed®ss | prea®sst | ks | (knac®ss kg Krigd®ss W (kad"ss” Wikriad " ss™s0 | (Knad'®ss"sp" | [Kiadss"sn’ | ikrina s 50" | (keaa " ss%” [l ae 5e5p"
44771 5.6949 52171 5.6339 5.7589 7.0924 7.28 7.3605 7.4589 5.3369 7.5762 57664 7.3439 8.6084 $.0096 10.4513 12,1298
ab. 5, 'Sk 72 °FR|T73 *Fae|74 D, |75 78|76 "D, |77 °F|78 °Dy|79 °s,,}80 's,#81 “;,|82 |83 ‘s;.|84 7, |85 *r:, |86 s,
3 \ y 1
Cs | Ba | Hf | Ta | W |Re |Os | Ir | Pt | Au | Hg Pb | Bi | Po| At | Rn
6 Cesium Barium \ Hafnium Tantaiim Tungsten Rhenium Ospiium Irfcifum Platinum Gold Mercury Thallium Lead Bismuth Polonium Astating Radon
13200845 | 137327 v 178,43 1800479 183,84 186.207 190,23 192,217 195.078 | 19696685 | 200.58 204.3833 207.2 208.98038 (208) (210) (222)
{Xelfs (xeles ' [Xelaf"*sd"s" | [Xenar**s0’ss” | [Xepar''sass” | rkepar'su’ss” | (xeysr*an™ss” | (xepar“sdes” | (xenar'“sa’ss |(xejsr''sasclixaler5a®es  (Haln [Halsp® [HageEn® [Halge* Halep® Halp®
3.8039 52117 b 5.8251 7.5496 7.8540 7,8335 1,4382 8.9670 59587 9.2255 i 6.1082 7,4167 72856 8417 7 10,7485
87 ‘s, Safy A 104 °r.»|105 106 107 108 109 110 111 112 [ solid
: A olids
Fr |Ra |\ " | Rf | Db | Sg | Bh | Hs | Mt (Uun|Uuu|Uub|g > ———
7 Francium’ Radium \ Y Rutherfordium| Dubnjum | Seaborgium | Bohrium Hassium Meitnerium | Ununnilium | Unununium | Ununbium q ; P Sy
(223) (226) \ ‘\ (261) (262) (263) (264) (265) (266) (268) {272) |:I Gases the atomic data, visit
i Sy i A T R i i i
éﬂg:; ER;J”]'§4 v !Rnlﬁé Uag 7s 1 Artificially Prepared physms.mst.govfatomic
: . 7 07
\ “ !
K \ By o 7 B oo G0 3 o e 2
h’?{‘j‘f’n"ﬂb‘; -Gfﬂfgg':l‘a‘e Y . |57 "»,|58 ;|59 ',|60 1|61 *H:,|62 F, |63 °s5,|64 D365 °Hi.[66 °,(67 '..[68 H.[69 F.J70 ‘s, f71 ‘b,
| Y
. vV La|Ce|Pr |Nd Pm Sm| Eu|Gd Dy |Ho | Er |Tm| Yb | Lu
Symbol 53 G, \ v | Lanthanum Cerium  |Praseodymium| Meodymium | Promethium | Samarfum Eurcpium | Gadalinium Terbium Dysprosium | Holmium Erbium Thulium Yiterbium Lutetium
~ v V| 1389085 | 140116 | 14090785 | 144.24 (145) 150,38 151,954 157,25 | 15B.92534 | 18250 16493032 | 167.26 | 166,90421 173.04 174,967
Ce VoM xepsies” | Xelarsdes® | pelefss’ | epr'se” | [Rer'ss® | (xelafest | pMelerles’ | xelafsses® | (xelr®ss® | pwepi%ss® | meenies® | premar™as® | pmeperest B xe™ss® BixepsMsass’
Name— [ Canar A 55764 55387 5473 55250 5582 56436 56704 5.1501 5 8638 50388 5.0215 61077 61843 £ 954 5.4259
W : 5 = - - : = =
i | 140.118 \ 89 0,90 °Fr |91 *K.,|92 12|93 °L.,|94 F, |95 %;,|96 °D3|97 °H:.|98 °1,(99 ‘1%,.[100 °H, (101 *F3.[102 s,[103 %P2
omic, — Lot ¢
Weight' - [XeldfSdbs .| Ac | Th | Pa| U Pu |Am |Cm Cf | Es |Fm | Md | No | Lr
/ 5.5387-, \ Actinium Thorium | Profdctinium | Uranium Neptunium | Plulonium | Americium Curium Berkelium | Califomium | Einsteinium Fermium | Mendelavium | Nobelium | Lawrencium
7 y
/ = ! (227) 2320381 | 231.03588 | 238.0280 (237) (242) (243} (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state  _lonization VI (paars’ | (reedis’ | Rosfears® | (Rngsfsarst | (Rrisiears’ | Rels7s | Rmsl7s | Raisfedrs? | (Raistrs® | Relstst | mnest e | mesiirst | mas7e | Restrst |Repf st
Configuration  Energy (eV) Mo 57 6.3087 5.89 5.1941 6.2857 5.0252 50738 59015 68,1579 82817 542 850 658 B.85 489

s




L71Yb* hyperfine qubit

23, )= 11,0) I vye = 12,642,812,118 + 311B2 Hz
(3 kHz/G @ 5 G)
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